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ABSTRACT

Continuous steel production has the potential to lower the cost of steelmaking as compared
to current batch operations. However, experiences from past attempts to develop and
commercialize continuous steelmaking processes show that there are several engineering hurdles
to overcome. The objective of this research was the development of a fully continuous
steelmaking process that would incorporate the lessons from past experiences, address the
foreseen challenges, and meet the requirements to justify the possible replacement of the current
EAF-LMF steelmaking route.
The design of the new process consists of five interconnected vessels. Preheated scrap
would be continuously charged, melted, and superheated in an AC Consteel® EAF. Refining
under oxidizing conditions would be accomplished in the EAF and in the second vessel called
Oxidizer. Reducing conditions would exist in the subsequent vessels (Reducer, Finisher, and
tundish). Continuous de-O, de-S, and alloying would be accomplished in the cone-shaped
Reducer before additional de-S and alloy additions as well as inclusion floatation and
homogenization in the Finisher would ensure a continuous stream of quality steel into the tundish.
The invention of this work is three new refining vessels that connect the proven
Consteel® EAF to a tundish, supporting fully continuous operation, and adopting the functions of
a typical batch LMF. Each continuous reactor would operate at near-equilibrium conditions
during steady-state operations. Performance of the new refining vessels was simulated based on
fluid-flow, thermal, and kinetic-thermodynamic models that were verified with industrial
measurements during the ladle refining at two LMF’s. These simulations addressed the foreseen
challenges and predicted that the new continuous steelmaking process could meet or exceed
current steelmaking requirements. It is expected that the operation of the new continuous
steelmaking process would decrease the cost of steelmaking due to increased metallic yield,
improved refining, and increased efficiency.
The major result of the evaluation of the ladle refining data is the quantified correlation
between the mass transfer rate constant and measurable operational parameters. The value of the
mass transfer rate constant is paramount for the chemical performance of each continuous
refining vessel. Furthermore, the effect of the FeO concentration in the slag and the slag basicity
on the de-S rate was quantified. Frequent measurements during SiMn additions in a ladle with
bottom, off-center argon injection demonstrated that this alloy rapidly melts and mixes into the
steel bath.
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SECTION 1: INTRODUCTION

Steel is a versatile commodity that has been mass-produced since the Industrial
Revolution. The majority of the one billion tons of steel that are sold each year are produced
either with one of the numerous variations of the Basic Oxygen Furnace (BOF) or with an
Electric Arc Furnace (EAF). Steel is periodically tapped from these furnaces and processed or
refined in ladles in a batch manner before it is continuously cast into semi-finished shapes.
Although, steelmaking equipment and practices may differ between meltshops,
experience has shown that steel can be produced faster, more efficiently, and at a lower cost with
equipment that supports continuous operation. Examples include not only the Consteel® EAF and
the continuous caster but also the blast furnace and the continuous rolling mill. The objective of
the research that has led to this dissertation was the development of a fully continuous
steelmaking process that would allow continuous steel treatment in a process in which the steel
never stops flowing from the time it is molten until it solidifies at the caster. The research was
successful as summarized in the accompanying papers, culminating in a patent filed with the US
Patent office on May 6, 2005. The provisional patent number is 60/678,833.
The new continuous steelmaking process design incorporates three continuous refining
vessels that connect a Consteel® EAF with the tundish of the continuous caster. The steel
treatment in the three refining vessels supports the EAF and tundish operations and replaces batch
LMF refining. Seven of the most important requirements and challenges of a new continuous
steelmaking process include:
1. Decrease in meltshop costs, energy usage, and capital investment (meet or exceed a minimum
rate of return on investment)
2. Ability to perform grade changes without increasing the volume of intermix material or
negatively impacting casting operations when compared to current practices
3. Flexible production rate
4. Similar or improved metallic yield from current practices
5. Reliable refining operations, chemistry control, and consistent steel quality
6. Ability to deal with production interruptions including start-ups and shut downs
7. Removal of slag and required maintenance during continuous operation
This introduction summarizes the research performed to address these issues, to develop the new
process and to predict operational results. In addition, this section provides an overview of the
entire dissertation including the three appendices.
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1.1. DEVELOPMENT OF THE NEW CONTINUOUS STEELMAKING DESIGN
Section 2 includes a thorough review of the literature on continuous steelmaking.
Researchers have developed over eighty continuous steelmaking processes during the last 150
years without fully commercializing any of the processes. These eighty processes are described
and arranged into seven groups in Section 2. Three major conclusions were made from the
previous work on continuous steelmaking:
1. A series of near-equilibrium Continuously Stirred Tank Reactors (CSTR’s) is the best
compromise between the ability to control the process and to refine the steel.
2. A scrap-based process requires less refining (conversion) than a process that utilizing mainly
hot metal and therefore it only requires moderate reaction rates in the vessels.
3. A continuous steelmaking process must be fully continuous in order to significantly decrease
the cost and energy consumption as well as increase the productivity and quality as compared
to current steelmaking practices.
These conclusions were incorporated into the final design of the continuous steelmaking
process. The new process is scrap based and fully continuous. Steel would be processed in a
series of interconnected, near-equilibrium CSTR’s. Based on the lessons from previous work,
such a process could decrease steelmaking costs, allow for a wide range of production rates, and
support the refining of steel to meet required steel qualities. Section 6 provides descriptions,
illustrations, and functions of all vessels. Appendix B contains supporting data, illustrating
different process design stages and versions.
The Consteel® EAF and the tundish are both proven technologies because these reactors
successfully operate in mills around the world. The invention of this work is three new refining
vessels that connect these established reactors, support their fully continuous operations, and
adopt the functions of the LMF. The three refining vessels as well as the EAF and tundish would
operate at near-equilibrium conditions. In other words, the steel and slag compositions in each
continuously operating vessel would be consistently at their required aim compositions without
any necessary waiting period. In contrast, operations during conventional steelmaking are aimed
to consistently meet the desired chemistry at the end of the ladle treatment.
The production rates of treating steel in near-equilibrium CSTR’s are limited by kinetic
processes. It is shown in Section 5 that the reaction rate depends largely on the bulk transport
within the steel bath in addition to thermodynamical conditions at the slag/steel interface.
Sufficient bulk transport of the steel and the operation at a constant steel composition require a
well mixed vessel. Fluid flow in the Oxidizer was investigated using computation fluid dynamics
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by Lifeng Zhang, Jun Aoki and Brian Thomas and summarized in a paper (Appendix A). Jorg
Peter provided the vessel designs, operational parameters and helped edit and interpret the data.
This paper is included as Appendix A since Jorg Peter was not the principal author.
Flow fields, alloy dissolution, and inclusion floatation of an early Oxidizer design (Figure
B-9 in Appendix B) are compared with the final Oxidizer design (Figure 5 in Section 6) in
Appendix A. The results showed that the steel does not short-circuit through the improved final
design as predicted for the early design and that the mixing time for the final Oxidizer is less then
10% of the average residence time. These design features assure the mixing necessary to achieve
refining and control of the steel chemistry. It was further calculated that the inward stream of
steel in the inlet launder creates an outward flow in the upper surface, continuously transporting
the slag to an overflow. This design feature allows continuous or frequent removal of the slag.
The absence of vortices in the shallow exit launders prevents slag carry-over. Floatation of nearly
all inclusions was also predicted. These simulation results support the predictions about the
refining capabilities, steel quality, and reduced deoxidant consumption discussed in Sections 6
and 7.
While the Finisher is similar in shape to the Oxidizer, the Reducer design differs from the
Oxidizer design. The Reducer is shaped like a cone in order to increase the mixing and the mass
transfer rate. Most of the chemical conversions and alloy additions would occur in the Reducer.
The evaluation of industrial data in Section 5 supports the conclusion that a cone-shaped refiner
would be best suited for increased mixing and mass transfer.
The walls of the Reducer are angled 20° from the vertical. This choice was based on
observations at a volcano [1], The escaping gas stirs the liquid lava in the volcano, creating the
natural shape of the inner volcano walls. It is assumed that the 20° angle represents equilibrium
since the volcano has been active for several years.
It was rationalized that the volumes that rise and sink are approximately equal in a coneshaped vessel, creating high liquid velocities throughout the entire vessel similar to those that
currently only exist in the plume. Water modeling showed that the plume has a spiral form and
swirls around in a cone-shaped container with walls that are angled at 20°, creating turbulences in
all parts of the vessel and instant mixing as determined by additions of food color. The proposed
cone-shaped Reducer contains the same amount of steel as the Oxidizer while the nominal
top/slag interfacial area is almost twice as large, supporting faster reactions and refining. The
depth is increased by one third, increasing pressures and velocities and therefore enhancing
mixing.
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All three new reactors (Oxidizer, Reducer, and Finisher) are designed to hold 20 metric
tons, excluding launders. This capacity is a compromise between the average residence time
required to achieve mixing and necessary conversions at prevailing reaction kinetics as well as
the mixing and bulk transport to support this prevailing reaction kinetics. The steel mass (m) or
reactor capacity is reasonable based on the following equation.
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The average hourly production or steel flow rate (m) was assumed to be 100 metric tons
(mt). The achievable mass transfer rate constant (k) without transitory reaction was originally
estimated to be 0.2 min"1. The initial (C0) and required steady-state (Css) sulfur concentrations are
based on current industrial practices as reported in Section 3. The equilibrium sulfur
concentration (Cequ) on the slag/steel interface was assumed to be near zero. The simulation
results that are reported in Sections 6 and 7 show that the possible production rate and achievable
equilibrium sulfur concentrations could be met or exceeded.

1.2. EXPERIMENTAL WORK
The expected performance of the new continuous steelmaking process is based on
calculations, using models verified by industrial ladle metallurgy operations. The design of the
experiments, the data collections, and the preparation of the data from 28 ladle metallurgy heats
were completed by Jorg Peter. Jun Aoki simulated the ferroalloy additions, transport, melting,
and mixing in two of these heats and collaborated with Jorg Peter to write Section 4. Jorg Peter
wrote the experimental procedure in Section 4 and evaluated the kinetic and thermodynamic data
from 20 heats and discussed the Metsim model and simulation results in Section 5.
The results of the fluid flow simulations showed that a complex three dimensional
swirling flow pattern exists in a ladle that is stirred with bottom, off-center argon injection. The
melting and mixing of 4000 lbs of SiMn alloy occurs within 1.5 to 3 minutes in this type of
argon-stirred ladle. The mixing time depends on the definition of mixing and the specific location
within the steel bath that is monitored. The flow field or the stirring intensity affects the mixing
time in an industrial vessel to a larger degree than the melting of the alloy particles. The particles
float to the surface after they are dropped into the steel bath and melt within 4.5 to 13.6 seconds
underneath the slag/steel interface near the ladle wall.
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The major result of the evaluation of ladle refining data is the quantified correlation
between the mass transfer rate constant for reactions between the top slag and the steel bath and
measurable operational parameters. A new variable that incorporates argon flow rate, temperature
and pressure, as well as the size and shape of the reactor was defined and called specific steel
transport rate. Equation 6c in Section 5 correlates the mass transfer rate constant to the specific
steel transport rate. The proportionality constant of this equation was corrected after a
reevaluation of the data and the corrected formula is reported with Equation 2 in Section 7. The
value of the mass transfer rate constant is paramount for the chemical performance of each
continuous refining vessel.
The reaction kinetics between the top slag and the steel bath depend not only on the bulk
transport of the steel to the top slag but also on the thermodynamic equilibrium at the slag/steel
interface. In Section 5, it was found that the sulfur concentration in the bulk of the steel decreases
rapidly if the initial FeO concentration in the slag is below 2%. The onset of the de-S usually
starts with an increase of the slag basicity caused by lime (and spar) additions, which decrease the
FeO activity coefficient. If the FeO concentration in the slag is above 2%, the competition for the
deoxidant between the FeO in the slag and the FeO that is produced as an intermediate product
during de-S reactions becomes significant, decreasing the refining rate. The relationship between
the slag basicity (e.g. FeO activity coefficient), the FeO concentration, and a new variable called
apparent reaction order is explained in Section 5.
The simulations of the chemical performance of the new process in Sections 6 and 7 were
based on the assumption that the apparent reaction order has a value of one (highest value)
because it was calculated that the FeO concentration would be only 0.02% in the slags of the
Reducer and Finisher, supporting high reaction rates and minimizing the consumption of
deoxidants. The FeO concentration is predicted to be low in these slags because the continuous
reactors operate at near-equilibrium conditions and because FeO sources like EAF carry-over slag,
slags from previous heats, oxidized steel shells, and iron oxide from ladle cleaning would not
enter these vessels.

1.3. PREDICTIONS OF THE POSSIBLE PERFORMANCE OF THE NEW PROCESS
The information in Section 5 was used to predict the possible refining and operational
performance of the continuous steelmaking process in Sections 6 and 7. Details of the Metsim
model used to simulate the steady-state operation of the new process can be found in Appendix C.
The summary of results from a steady-state simulation and operational parameters as they relate
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to calculations reported in Section 7 can be found in Appendix C (Table C-II). The design of the
Metsim models is based on the assumption that the reactors closely resemble CSTR’s.
Results of initial steady-state simulations for a 110 t/hr production are discussed in
Section 6, including expected procedures for start up, shut down, break down, and a first version
of an abrupt grade change. The results of an improved version of a steady-state simulation for a
165 t/hr production are reported in Section 7 as a baseline for subsequent dynamic simulations.
These results support the prediction of increased metallic yield and a high refining performance
including lower final sulfur and phosphorus concentrations and less slag amounts per ton of steel
as compared to current operational results.
The dynamic simulations of Section 7 predict procedural and chemical changes as
compared to steady-state operations for an abrupt grade change and for an abrupt sulfur increase.
The results indicate that the manganese concentration could be decreased from 0.90% to 0.45%
while keeping all other steel components at constant concentrations. The abrupt grade change
would be possible without increased intermix material or changed tundish practices from current
operations.
The dynamic simulations predict further that the sulfur concentrations in the reactors
would only change slowly during an abrupt sulfur increase from 0.050% to 0.080% in the feed
material because the steel in the continuous reactors is at the required compositions during
steady-state operations and because the slags in the Reducer and Finisher are able to hold a higher
sulfur concentration than during initial steady-state operations. In contrast, it was calculated that
corrective actions (increased argon stir and flux feeding rates) would have immediate results,
returning the sulfur concentrations to their required values while maintaining a constant 165 t/hr
production rate.
Based on steady-state simulations, predictions for a 220 t/hr production and the possible
corrective actions and resulting chemistry changes during the failure of the porous plug in the
Reducer are discussed in Section 6. The results indicate that these operational changes and
interruptions do not lead to a final steel chemistry outside of the grade specifications. The low
limit of the possible production rate was calculated to be 30 t/hr based on heat loss simulations in
Section 7. The steady-state heat loss calculations are based on the assumptions that the steel
would not be heated after EAF treatment and that the EAF temperature should not exceed 3000°F.
The steady-state EAF temperature would be below 2900°F at a production rate of 220 t/hr.
The transient heat transfer simulations in Section 7 predict that the EAF steel needs to be
heated to 3068°F before furnace opens during the start-up to supply steel to the tundish at a
constant 2822°F without additional heating. The EAF steel temperature could be decreased to
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below 2950°F eight minutes after the furnace is opened. The simulation results of the transient
heat losses from three ladles indicate that the combined heat loss averages 2.5 MW, which equals
the maximum combined heat losses from the three refining vessels during start-up. The combined
heat loss of the three continuous reactors during steady-state operation would be 0.4 MW or 16%
of the average heat loss from the three ladles.
Section 7 concludes that energy savings of up to 70 kWhr/t are possible. These savings
and a 4% yield increase as well as improved refining and increased efficiency could lead to a
$20/t cost reduction as compared to current EAF-LMF operations. The capital cost for the new
process is estimated to be $35 million for equipment producing one million ton of steel per year.
The estimated payback period is 1.8 years, corresponding to a rate of return on investment of 57%.
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ABSTRACT

Continuous steelmaking has been a topic of extensive research during the last one hundred fifty
years. At least 80 different continuous steelmaking processes have been proposed worldwide with
several progressing to the experimental and pilot plant stage. However, to date, there has been no
success in designing a fully continuous steelmaking process that is commercially viable. This
paper evaluates historic developments in continuous steelmaking and explores the possibilities of
developing a new process for continuous steelmaking that could become commercially acceptable
in the future.

INTRODUCTION

The product of a typical modem meltshop is hundreds of thousands of tons of semi-finished steel
produced year-around, in specialized reactors, and at high production rates. In principle, greater
profits should be achieved with a continuous process as compared with a batch process under
these manufacturing conditions.1"4 Not surprisingly, the economic advantage of continuous steel
production has provided the motivation to pursue new processes ever since the industrial
revolution when steel started to be manufactured in large quantities.

Approximately 80 continuous steelmaking processes have been proposed since the mid 1800’s.
These different processes can be separated into seven categories based on the general type of
process and the time period of their development as summarized in Table I. Many of the
processes evolved from the predominant steelmaking processes of their time such as modified
Open Hearth Furnaces in Period one, oxygen-based processes during the third and fourth period,
and scrap-based processes of the fifth and seventh period.

10

Table I: Periods of continuous steelmaking research
Period

Title

Time

#of
proc.

1

Continuous Open Hearth Furnaces

1860’s - 1930’s

3

2

Development of fundamental designs and principles

1930’s - 50’s

9

3

Experimental research on non-equilibrium CSTR’s*

1950’s - 60’s

7

4

Experimental research on PFR’s*

1960’s - 70’s

17

5

Experimental research on scrap-based processes

1970’s - 80’s

20

6

Hot metal refining including equilibrium CSTR’s*

1980’s - 90’s

17

7

Scrap-based processes and commercialization

1990’s -2 0 0 0 ’s

7

* CSTR’s are Completely Stirred Tank Reactors and PFR’s are Plug Flow Reactors.

The term “continuous steelmaking” has been used for different types of operation over the years.
The array of definitions includes operations that
1. semi-continuously charge hot metal or scrap and deslag while periodically tapping steel
into ladles [first: Siemens5 (1860’s), last: CRISP/Hatch6 (2000’s)];
2. continuously utilize vessels or systems of vessels while continuously tapping steel into
ladles [first: Dobrokhotov7 (1930’s), last: VAI concept8 (1990’s)]; and
3. fully continuously process and transport steel from a smelting or melting unit, through
refining units, to the mold of the continuous caster without interrupting the flow o f steel
[first: Elliott9 (1950’s), last: Royzman10 (1980’s)].
Although processes that fit any of these definitions are considered in this report, only the last
definition describes a fully continuous production in which raw materials (scrap or ore) are
continuously fed to the process and completely refined and alloyed steel continuously exits the
process into the continuous caster. Only four concepts were proposed that used a fully continuous
steelmaking design.
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Principal Continuous Reactors and Their General Performance
Reactors for continuously treating liquid steel can be categorized into two types, the ideal
Completely Stirred Tank Reactor (CSTR) or the ideal Plug Flow Reactor (PFR). These reactors
are theoretical models of real, operational reactors for limiting conditions. Simplified illustrations
of a PFR, a CSTR, and their equivalent batch operations are shown in Figure 1.

The composition of slag and steel and the concentration gradient between them change along the
channel in a PFR with concurrent flow. The concentration gradient can be kept at a large value
throughout the PFR if the steel and slag flow countercurrently to each other. Similar to the PFR
with concurrent flow, the composition and the concentration gradient change in batch reactors
(ladle, BOF, EAF); however, in these reactors the changes are over time rather than position. In
contrast, the composition and the concentration gradient in a CSTR and in its equivalent semicontinuous reactor stay constant during the entire operation, assuming constant composition and
flow of the input. Usually, corrective actions have immediate results during the operation of a
CSTR, its semi-continuous equivalent reactor, and during batch operations because these reactors
are well mixed. As a result, it is possible to accurately control these three types of reactors.
Corrective actions have delayed results in the PFR, reducing the degree of control in this reactor.

There are limitations for chemical conversions (defined as the change in concentration of a
specific component) in PFR’s and CSTR’s. In general, the conversion is limited by backmixing in
the PFR and by kinetics in the CSTR. Szekely12 showed that conversion could only be increased
in the CSTR for a given kinetics situation if the residence time of the steel is increased, which is
only possible by increasing the size of the reactor or decreasing the throughput. In the PFR,
backmixing must be reduced to increase conversion. Necessary changes to the PFR would either
increase the heat loss, capital expenses and/or the complexity of this reactor, making it less
attractive. Szekely12 concluded that the best solution would be a series of CSTR’s, which would
provide necessary control and high overall chemical conversion at required production rates.
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Principal Continuous Reactors

Equivalent Batch Operations
tap steel at once

Ar

The composition and gradient between slag and
steel change with respect to distance.

The composition and gradient between slag and
steel change with respect to time.

PFR with concurrent flow

Ladle, BOF, EAF
Fill slowly

flux

flux

slag

steel

Ar

\ /■
'T
Ar

The composition does not change with respect
to time or distance and
the gradient between the slag and the steel is
small and constant.

The composition does not change with respect
to time or distance and
the gradient between the slag and the steel is
small and constant.

Near CSTR

Semi-continuous

Figure 1: The principal continuous steelmaking reactors and their equivalent batch reactors are
illustrated (based on reference 11)
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HISTORIC DEVELOPMENTS OF CONTINUOUS STEELMAKING RESEARCH
Eighty historic continuous steelmaking processes are listed and grouped in Table II. The
processes were sorted according to their time (period) of introduction, the starting material (hot
metal or scrap), the extent of research (proposed or tested in pilot plant or similar industrial
setting), the principal reactor type (CSTR or PFR), and the major characteristic of the process.
Developments during each of these periods will be discussed in the following sections.

Period
1

Table II: Summarized list of 80 continuous steelmaking processes
#o f
Starting
Extent of
Principal
Major characteristic
reactor
proc.
material
research
H ot m etal
Scrap

P ilot plant

C S T R / PFR

M odified O H F ’s

3

5, 7, 9, 13

PFR

C ounter flow
Single vessel

CSTR

Series o f vessels

9

PFR

Single vessel
Series o f vessels

1
1
1
1
1
2
2

C ST R

Proposal

Spray refining
E m ulsion
Single vessel
Series o f vessels

3
1
2
1

9, 13-16
9, 13-18
9, 13, 14, 16
19

P ilot plant

C ounter flow
C oncurrent flow

9
3
1
2
2

9, 13-18, 20-27
9, 13, 14, 16-18
13, 14, 16-18
26, 28
29, 30

6
4
2
1
1
2
1
1
1
1
2
5
2
4
2
1
1

1 6,31-35
13, 16, 36, 37
16, 38, 39
13
16
4 0 ,4 1
42
38, 39
1 5 ,4 3
44
16-18, 45-47
13, 16, 17, 48
49, 50
1 6 -1 8 ,5 1 ,5 2
16, 53
10
54

2
2
2
1

55, 56
6, 57
8, 58
18, 59

P ilot plant

2

Fully continuous

Proposal

3

P ilot plant
H ot m etal

PFR

4
Proposal
Pilot plant

Series o f vessels
C ounter flow

CSTR

Sem i-cont. EA F
Series o f vessels

Scrap

Fully continuous

Proposal
PFR

5
Pilot plant

R otary furnace
C oncurrent flow
Series o f vessels

Proposal

C ST R

Fully continuous
V acuum refining

H ot m etal

Pilot plant

C ST R
PFR

6

Series o f vessels
C ounter flow
Series o f vessels

Proposal
CSTR

Fully continuous
Single vessel

in use
7

Scrap
Scrap/O re

References

Proposal
Pilot plant

C ST R

Sem i-cont. EA F

PFR
PFR

C ounter flow
Induction furnace
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Period 1: Continuous Open Hearth Furnaces (1860’s - 1930’s)
The idea of continuous steelmaking was developed during this period. Researchers realized that
continuous steelmaking had the potential to decrease the cost of steelmaking. It was believed that
modification of the then-new Open Hearth Furnace (OHF) technology could create a furnace for
continuous steelmaking. Figure 2 shows a schematic of a modified OHF.

Siemens5 pioneered the idea of continuous steelmaking and designed the first furnace that
continuously produced steel in the 1860’s. He modified a small Siemens-Martin furnace (OHF) to
make steel directly from high-grade ore. The bath was continuously decarburized while the
generated CO was used to continuously prereduce the ore. The ore descended through a shaft and
fell into the bath during the operation of the furnace that was periodically tapped.

Other researchers continued to pursue the idea of continuous steelmaking by modifying OHF’s.
In the 1900’s, Talbot7 used a larger OHF than Siemens, trying to maintain a concentration
gradient throughout the furnace. In the 1930’s, Dobrokhotov9,13 used two OHF’s to refine steel
stepwise. The literature implies that all three processes were used to produce steel for a limited
amount of time.

Figure 2: Schematic illustration of a typical modified Open Hearth Furnace from period 1
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Period 2: Development of Fundamental Designs and Principles (1930’s - 1950’s)
The fundamental designs and principles for continuous steelmaking processes were developed
during this period and are schematically summarized in Figure 3. Figure 3a illustrates processes
that use either hot metal or scrap as starting material. Hot metal was already used during the first
period; however, for the first time Thring9 and Schack9 developed three designs that continuously
processed scrap. Two of these three designs actually operated commercially. For instance, one of
Schack’s9 processes melted scrap continuously for a foundry. Figure 3b illustrates the possibility
to use a series of vessels or a single reactor. Another of Schack’s9 designs and the designs of
Waldron9, Elliott9, Grah9, and Gremeaux9 included series of vessels while a single vessel process
was introduced by Rochling and Johanssen9, Hudson9, Thring9, and Schack9. Overall, nine
designs were introduced, resembling either a PFR (five designs) or a CSTR (four designs) as
illustrated in Figure 3c. A fully continuous steelmaking process is illustrated in Figure 3d. Elliott9
proposed the first fully continuous design, which connected the continuously operating blast
furnace with a continuous casting machine.

Scrap

Single Reactor

d)

c)

PFR (channels)
counter-current or con current flow

Fully Continuous Process

CSTR (Bath)

Figure 3: Schematic illustration of the principal designs and fundamental ideas (period 2)
a) hot metal or scrap as starting material b) series of reactors or single reactor c) PFR or CSTR
d) fully continuous
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Period 3: Experimental Research on Non-Equilibrium CSTR’s (1950’s - 1960’s)
The first BOF (LD) started operating in 195260, producing steel at high productivity due to the
fast reaction rates during the oxygen blow.

This development sparked new research on

continuous steelmaking for hot metal processing. Blowing oxygen into the steel seemed to be the
solution to provide the necessary kinetics for a continuous steelmaking process that would use a
CSTR.

The French research institute IRSID9’13"18 developed a continuous steelmaking process that used
an emulsion similar to that formed in the BOF. Emulsion refining together with spray refining is
schematically illustrated in Figure 4. British (BISRA)9’13"16, Austrian (VOEST)13’14’16, and Soviet13
researchers tried to increase the kinetics even more by using a spraying process, blowing steel
with oxygen and fluxes into a vessel. However, decarburization of the metal droplets was less
efficient than expected and iron oxide formed on the suspended droplets while most
decarburization occurred in the bath, defeating the idea of spray refining. In general, the
advantage of control during a CSTR operation was not realized in the spraying and emulsion
processes because these reactors operated at non-equilibrium conditions. One result of the lost
control was varying final chemistry. Other general problems included low or varying iron yield,
large amounts of slag, long settling times to separate the phases, and refractory problems. The
research on these processes continued until the 1970’s and 1980’s when the IRSID process and a
Soviet design were changed to use substantially larger quantities of scrap.

Spray Refining

Emulsion Refining

slag

steel

Figure 4: Schematic illustration of typical non-equilibrium CSTR’s from period 3
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In addition, continuous deslagging of the BOF was tried in Luxemburg9. A series of continuous
refining reactors that operate near equilibrium was proposed in the Netherlands1 9 and other
single-vessel processes were tested in the Soviet Union9,13,14,16. None of the processes were
capable of reliably producing steel at the rate, quality, and cost of the BOF.

Period 4: Experimental Research on PFR’s (1960’s - 1970’s)
Seventeen new continuous steelmaking processes9 , 1 3 " 1 8 , 2 0 ' 3 0 were proposed. At least thirteen of
these processes were tested experimentally. Channel reactors (or PFR’s) were used for all designs
during this period as illustrated in Figure 5. Channel reactors closely resemble the familiar batch
operations. In addition, a large driving force (concentration gradient) can be maintained
throughout the channel if the steel flows countercurrently to slag, increasing the kinetics of the
process and the overall conversion. Consequently, countercurrent channel reactors were the most
common design during this period.

The largest challenge that channel reactors face is backmixing, which decreases the performance
by loss of operational control, varying final chemistry, unsatisfactory productivity, varying steel
temperature, and heat losses. Design changes that were aimed to reduce backmixing included
increased length of the channel, insertion of baffles and dams, argon bubbling along the center of
the channel, and electromagnetic uphill transportation of the steel while the slag flowed downhill
due to gravity. These changes increased heat loss, capital cost, and/or complexity of the channel
reactors and did not always work.

0 2 lances
fluxes for
concurrent flow

fluxes for counter
current flow

metal
<—

slag — ;
steel

r

steel

Figure 5: Schematic illustration of a typical PFR (channel) from period 4
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The research on some of these processes continued for a long time. For instance, the WORCRA
process was changed to exclusively process scrap in the 1970’s and publications continued well
into 1990’s. Most of the Soviet designs were researched until the 1980’s and some of them were
changed to process scrap. As with the spray and emulsion reactors, none of the processes from
this period could reliably produce steel at the rate, quality, and cost of the BOF.

Period 5: Experimental Research on Scrap-Based Processes (1970’s - 1980’s)
The increasing scrap supply and the reluctance of operators to implement continuous steelmaking
processes that refine hot metal changed the focus of continuous steelmaking research from hot
metal refining to scrap melting and refining. Fourteen scrap-based continuous steelmaking
processes were proposed with ten proceeding to experimental tests. Figure

6

illustrates a typical

scrap-based continuous steelmaking process of this period.

Scrap was either melted in an EAF or in a cupola and sometimes refined in one or more
additional vessels before steel was tapped into a ladle. Six of the tested designs are simple and
only include an EAF that is continuously charged16,31"35. The other four tested designs included a
series of reactors that resemble CSTR’s13'16’36,37. The four proposed scrap-processing designs used
PFR’s13,16,38,39.

Figure 6: Schematic illustration of a typical scrap-based process from period 5
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Although, some experimentally tested processes produced quality steel, the refining of the steel
beyond the metallurgical operations in the EAF or cupola was usually not very successful. Some
short comings were the requirement of small and/or clean scrap, low productivity, and/or low
chemical conversions. In short, most of the scrap-based continuous steelmaking processes could
not compete with EAF steelmaking, which was being significantly optimized during and after this
period. For instance, the use of the LMF allowed for a single slag practice in the EAF.

Six additional processes for hot metal refining were proposed during this period. Three of them
were channel reactors40'42. These three reactors were experimentally tested and suffered similar
problems to the PFR’s from the previous period. A proposal from Taguchi4 4 was a continuous
vacuum refining process and a proposal from Krupp Stahl3 8 , 3 9 was a series of CSTR’s. Two
proposals (Eketorp1 5 , 4 3 for hot metal and NRIM1 3 for scrap) continued to pursue the idea of a fully
continuous steelmaking process.

Period 6: Hot Metal Refining Including Equilibrium CSTR’s (1980’s - 1990’s)
Research continued on continuous hot-metal refining processes although none of the scrap-based
processes being developed in the previous period were successfully implemented in the industry.
Seventeen new processes were proposed; however, only seven of them were experimentally
tested. Five of the tested processes were counterflow channel reactors13'16,17,48. Again, these
processes suffered similar problems to PFR’s from the fourth period. Two processes using near
equilibrium CSTR’s were experimentally tested. Continuous steelmaking using two near
equilibrium CSTR’s is schematically illustrated in Figure 7.

Pielet and Schlichting1 7 developed a post-hearth refining process, decarburizing steel in two steps.
In addition, continuous decarburization and desulfurization of steel was researched within the
AISEDOE Direct steelmaking program16'18,45'47. The research showed that continuous
steelmaking (de-C & de-S) in a series of CSTR’s (as proposed by Szekely7) is possible. However,
conversion can be only as high as reaction rates are able to support. During the work of the
AISEDOE project, metal with 4% carbon was continuously decarburized to low carbon steel;
however, the iron-yield losses were too high to make this process commercially successful.
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Figure 7: Schematic illustration of two equilibrium CSTR’s in series (period 6 )

Continuous steelmaking processes that were proposed but not tested during this period included
ten processes, six utilizing PFR’s 1 6 ' 1 8 ' 4 9 " 5 2 and four using CSTR’s10’16'53’54. Royzman1 0 proposed an
additional concept for fully continuous steelmaking, using a series of CSTR’s including a
spraying chamber. None of the processes proposed during this period have been commercialized.

Period 7: Scrap-based Processes and Commercialization (1990’s - 2000’s)
The first commercialization of a semi-continuous charging process was the Consteel EAF55,
which is illustrated in Figure

8

. Consteel was designed in the early 1980’s and operates

successfully in several steelmills61. The process was developed to preheat steel; however, in
contrast to many other preheating systems, the EAF of the Consteel process continuously works
at near-equilibrium steady state conditions during its operation (melt, de-C, de-P), increasing the
metallic yield. The tapping of the furnace periodically interrupts the steady state operation.

Electrodes

Figure 8 : Schematic illustration of the Consteel process (period 7)
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Contiarc5 6 is a semi-continuously operating EAF developed by DEMAG and was installed in
American Cast Iron Pipe Co. in 2001. It is a shaft furnace that continuously produces iron and is
periodically tapped. ISCOR in South Africa operated an induction furnace developed by Fourie1 8
that could continuously reduce ore and produce steel in a vessel resembling a PFR. An Indian
proposal (Contifur59) used Fourie’s concept and modified the furnace to continuously melt scrap.

Four additional scrap-based continuous steelmaking concepts were proposed by the Austrian
supplier VAI8 and the Ukraine research institute NAN58, using PFR’s, and by NKK (Ecoarc57)
and Hatch (CRISP6), using EAF’s.

CONCLUSIONS

In general, numerous continuous steelmaking designs could not compete with conventional
steelmaking technology. The frequent improvements of the BOF’s and EAF’s and the
introduction of ladle metallurgy furnaces (LMF’s) and other secondary metallurgy treatment
facilities provided production and quality flexibility perceived as more profitable than
commercialization of a new and risky continuous steelmaking process.

Specifically, non-equilibrium CSTR’s (emulsion and spray processes) and PFR’s were not
successful despite extensive research and pilot plant tests that produced substantial amounts of
steel. The lack of control and failure to promise substantially lower meltshop costs as compared
to conventional batch operations are general reasons for their failure. Most of these processes
were designed to continuously utilize the equipment and to perform only one major refining step
(e.g. de-C) while tapping steel into a ladle as practiced during batch operations. Currently, the
utilization of most batch reactors is close to one hundred percent, eliminating a key advantage of
continuous processes that are not fully continuous and do not completely prepare the steel for
casting.
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Studies and tests have proven that near-equilibrium CSTR’s could be successful if problems
associated with kinetic limitations were solved. The reduction of the necessary chemical
conversion by using scrap and the increase of possible chemical conversion by using a series of
near-equilibrium CSTR’s should help to overcome these limitations and to provide required
reliability and control. Several plants are already operating EAF’s at near-equilibrium conditions
due to semi-continuous charging of scrap (Consteel) . 6 1

The largest number (23) of continuous steelmaking processes was introduced during the 1960’s
just after the peak of the open hearth process and during the time of rapid BOF development and
growth. The number of new continuous steelmaking processes per decade declined after the
1960’s as BOF and EAF steelmaking were optimized and improved through the introduction of
the ladle metallurgy furnace (FMF). Today, the BOF, EAF, and FMF are mature technologies
and are operating close to optimum, allowing for only marginal improvements in these processes
in the future. A major decrease in melt shop costs is only possible by installing a new,
revolutionizing process.

In order to offset the risk of investing in a new technology, a new steelmaking process needs to
have the potential of not only significantly reducing the meltshop costs but also of being reliable.
Of all the continuous steelmaking processes reviewed in this article, only four are fully
continuous, and these were only proposed in limited detail with none progressing to the point of
being tested. However, it is believed that a fully continuous process, using a series of near
equilibrium CSTR’s, could produce high quality steel at significant lower cost than current batch
technology with sufficient reliability and benefits to justify further development. Today, Consteel,
a semi-continuous scrap-based process, is being used successfully. The performance of this
process could be improved when steel is continuously removed and further refined. At the same
time, tundish operations could be improved with a continuous and steady supply of steel.
Therefore, research at the University of Missouri-Rolla is aimed at developing a commercially
viable fully continuous process, utilizing a continuous scrap charging system (Consteel) with a
series of near-equilibrium CSTR’s, which refine and alloy steel to result in a continuous stream
of high quality steel that is supplied to the tundish.
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INTRODUCTION

The steelmaking practices of eight U.S. scrap-based mills are evaluated and compared in this
report. The findings are a summary from an industrial study that is based on surveys, observations
of metallurgical practices, and visits with the operators of the eight participating mills. This study
is a first step to better define the opportunities and challenges of building and operating a scrapbased, truly continuous steelmaking (CS) process. Research on continuous steelmaking at the
University of Missouri-Rolla (UMR) and at the University of Illinois at Urbana-Champaign
(UIUC) started in May of 2003 in collaboration with eight steel mills and three steelmaking
technology suppliers with the support and funding of the US Department of Energy (DOE).

GENERAL MELTSHOP INFORMATION

The annual production and hourly production rate of the eight steel mills are listed in Table I. The
most common product is structural steel (60%) including beams and plates. Flat rolled sheets
(20%), SBQ/MBQ (10%), and rebar (10%) are produced as well.

Table I: General production information of participating steelmills
Average annual production of one EAF (t / year)
Average hourly production of one EAF (t / hr)

Low
450,000
72

Average
868,000
134

High
1,250,000
191

The average steel chemistry and the low and high values of the concentrations for major steel
components are listed in Table II. The steel companies included in this study produce a wide
range of carbon steel grades. In general, residual elements (Cu, Ni, Cr, Mo) are present at low
concentrations.
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Table II: Overview of product chemistry (elements in wt%)
Element
C
Mn
P
S
Si
Cu
Ni
Cr
Mo
A1
V
Cb
N

Low
0.03
0 . 2 0

0.007
0.007
0
0 . 1 0

0.05
0.025
0.015
0
0
0

0.0050

Average
0.23
0.88
0.015
0.017
0.22
0.25
0.10
0.13
0.025
0.020
0.037
0.024
0.0084

High
0.82
1.50
0.030
0.33
0.35
0.44
0.40
0.25
0.035
0.095
0.080
0.050
0.0115

INFORMATION AND DISCUSSION ABOUT EAF OPERATIONS

General Information about the EAF’s
Table III lists the average, low and high values of the EAF capacity, the tap weight, the tap
temperature, and the electrode consumption. The EAF capacity varies between 95 and 255 t with
average tap weights between 62 and 170 t. The tap temperature ranges between 2900°F and
3050°F.

Table III: General EAF information
EAF capacity
Tap weight
EAF tap temperature
Electrode consumption

Unit
t
t
°F
lb /t

Low
95
62
2900
2 . 6

Average
154
121
2991
3.6

High
255
170
3050
5.0
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Figure 1 illustrates the average scrap mix. The actual composition of the charge material varies
among the mills and changes according to required chemistry and scrap prices. One mill charges
Direct Reduced Iron (DRI) on a regular basis; however, this practice was not incorporated into
the average scrap mix. Consteel operations charge more No 2 scrap and less turnings (or scrap
that has a high surface-to-volume ratio) than other shops to limit oxidation of the scrap in the
preheat tunnel.

other

No. 1

turnings

shred

26%
Figure 1: The average scrap mix is shown.

Figure 2 illustrates the difference in electrode consumption based on tap temperature and
production rate. Although electrode consumption is complex and affected by a number of factors,
shops that tap at low temperatures and produce steel at high production rates generally experience
lower electrode consumption. Higher tap temperatures require additional power-on time, resulting
in increased electrode consumption. The production rate is linked to the furnace capacity,
indicating that larger furnaces have lower electrode consumptions than smaller furnaces. In
addition, the average electrode consumption is lower in DC furnaces (3 lb/t) than in AC furnaces
(4 lb/t).
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Figure 2: Electrode consumption is compared to tap temperature and hourly production rate.

Comparison of Consteel EAF’s with Conventional EAF’s
Table IV compares EAF operations, using semi-continuous scrap preheating and charging
(Consteel) with conventional EAF’s. The total energy was calculated for each EAE based on the
consumption of electricity, oxygen, natural gas, carbon, and electrodes. Other possible energy
sources such as carbon and organics in the scrap and iron oxidation are more difficult to quantify
and were therefore not included in the calculations. Complete combustion (oxidation products
C 0 2 and H2 0) was assumed for the calculations.

Figure 3 shows the EAF energy consumption of two Consteel and six conventional melt shops
together with the energy consumption of 93 furnaces as published by Adams et al1. The average
energy consumption of all EAF’s in this study is 560 kWhr/t, very close to the average of 557
kWhr/t in Adams’ study. Jones2 reports that the common EAF energy consumption ranges
between 560 and 680 kWhr/t. Stubbles3 and Fruehan et al. 4 reported an average EAF energy
consumption of 510 kWhr/t. Cozzi et al. 5 published that the Consteel EAF at Ori Martin in Italy
has an energy consumption of 477 kWhr/t.
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The average energy consumption (electricity and chemical energy) was similar for Consteel
EAF’s and conventional EAF’s. Consteel operations require larger amounts of carbon than
conventional furnaces to sustain a foamy slag above the flat bath at all times and to maintain a
reducing atmosphere (high levels of CO) in the preheat tunnel and furnace to minimize oxidation
of scrap and liquid steel. The carbon combusts mainly to CO, using only one third of the possible
energy of complete combustion to C 02. Consteel EAF’s use less oxy-fuel burners and lower
natural gas consumption because of the low efficiency of burners above the flat bath. Additional
heat losses are expected from the flat bath that is continuously maintained in the Consteel
furnaces, partially offsetting energy savings from preheating and not opening the roof.
Furthermore, the reduced amount of iron oxidation in the Consteel EAF’s as compared to the
conventional EAF’s could explain the similar energy consumptions for both types of furnaces
because iron oxidation was not included in the calculations.

B C o n s t e e l B o t h e r mi ll s B A d a m s et al. M P T 6 / 0 2

Figure 3: Comparison of EAF energy consumption (electricity and chemical energy).
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Table IV: EAF information - Comparing Consteel with conventional operations

Total energy (chemical + electrical)
Electricity
Chemical energy
Number of oxylfuel burners
Natural gas consumption
0 2 consumption
C consumption
Tap-to-tap time
Power-on time (% of tap-to-tap time)
Heel (% of capacity)
TapC
Related equilibrium FeO
Actual FeO slag content
Calculated yield loss
due to non-equilibrium slag
Overall metallic yield
CaO
MgO
Si0 2
Average
A12 0 3
slag
FeO
composition
MnO
Other
V3 ratio*
Slag mass
Added CaO
Added MgO
Gunning consumption
* V3 = CaO / (Si02 + A120 3)

Unit
kWhr / 1
kW hr/t
kW hr/t
#
scf / 1
scf / t
lb /t
min
%
%
%
%
%

Consteel EAF’s
Conventional EAF’s
Min - Average - Max
535 - 560 - 603
3 2 0 -3 7 7 -4 2 4
149 - 183 - 244
0 -1 -3
1 -4 -6
0 -5 8 -1 1 5
2 2 0 -4 4 9 -8 0 0
7 6 2 -1 1 2 1 -1 3 0 4
5 0 -5 4 -5 8
2 2 -3 4 -6 1
40 - 54 - 73
8 9 -9 0 -9 1
76 - 78 - 80
3 7 -4 0 -4 2
6 -1 3 -2 5
0 .0 3 -0 .1 1 -0 .2 0
5 -1 4 -2 7
8 -1 7 -2 0
2 7 -3 2 -3 9

%

0 - 0 .1 - 0 .3

%
%

9 0 -9 0 .8 -9 1 .5
41

%

%
%
%
%
%
fraction
lb /t
lb /t
lb /t
lb /t

1 2
2 0

3
17
1
6

1 .1

8 6

- 1 .7 - 2 . 1
- 88.7 - 90
29
1 2

14
4
32
3
6

1 .6 - 1 .8 - 2 . 0
1 6 4 -2 0 2 -2 4 8
3 8 -5 2 -6 2
6 6 - 76 - 8 6
1 2 -2 2 -2 8
2 .0 -3 .0 - 4 .0
0.5- 1 . 0 - 2 . 0

Average slag compositions from Consteel and conventional EAF’s are compared in Table IV. In
both types of furnaces, the slags are saturated with MgO, have similar V3 ratios, and represent
10% of the weight of the steel. However, the slags in the Consteel furnaces average 50% lower
FeO than slags in conventional EAF’s for the same carbon concentration because the semicontinuous steady-state production mode allows the Consteel furnaces to operate near the slagmetal equilibrium. In addition, it is possible that the high carbon consumption (and accompanying
CO generation) contributes to the low FeO concentration in the slag of the Consteel EAF’s. This
reduced iron oxidation accounts for the reported 2% higher metallic yield.
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The Si0 2 content of the slag is higher in Consteel furnaces than in conventional furnaces, which
is most likely due to increased usage of No. 2 scrap in the charge. Consequently, Consteel
operations typically charge more lime than other operations to maintain similar V3 ratios. The
higher Si0 2 content of the slags in the Consteel EAF’s may contribute to increased gunning
consumption. Figure 4 shows that the gunning consumption was generally lower in furnaces with
slags of lower Si0 2 content and greater MgO saturation but showed little relationship to the tap
temperature.

Temperatures
are the average
EAF tap
temperatures.

-1
MgO above
saturation (%)

Figure 4: Gunning consumption is compared to Si0 2 concentration and MgO saturation of the
slag, as well as to the tap temperature.

Large heels and long power-on times could contribute to the productivity in the Consteel EAF’s.
The heels average 40% of the furnace capacity in the Consteel EAF’s and 13% in the
conventional EAF’s. The power-on time averages 90% in the Consteel EAF’s and 78% in the
conventional EAF’s. The tap-to-tap time averages 54 minutes for both furnace types. Prolonged
power-on time and large heels seem to be possible in the Consteel EAF’s because charging of
buckets, deslagging and separate refining at the end of the heat are replaced with semi-continuous
scrap charging, deslagging, and refining.
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INFORMATION AND DISCUSSION ABOUT LADLES AND LMF OPERATIONS

Table V lists information about ladles, ladle metallurgy furnace (LMF) operations, energy,
temperatures, slag additions, mixing, kinetics, and refractories. In general, it can be concluded
that energy consumption at the LMF depends on the length of the processing times, including
times for LMF treatment, transport, holding, and casting. Furthermore, increased use of MgO and
reduced slag carry-over from the EAF could lead to lower sulfur concentrations, longer ladle
lives, and reduced consumption of deoxidants.

Table V: LMF and ladle information
Flux additions
Alloy additions
Residence time of ladle at LMF
Stirring time per heat
Argon flow rate
Stirring power
95% mixing time (based on stir, power)
Sulfur concentration after tap
Possible mass-transfer rate constant for de-S
Average LMF energy usage
Power-on time per heat
Heating rate
Temperature effect of heating
Temperature effect of deoxidation
Temp, effect of alloy & flux additions
Average steel temperature
Ladles in use per EAF
Steel capacity of ladle
Heats per ladle lining

Unit
lb /t
lb /t
min
min
scfm
W /t
min
%
min' 1
kW hr/t
min
°F / min
°F
°F
°F
°F
#
t
#

Low
1 2

7
35
25
4
1 2
1 .6

0.030
0 . 1 1
2 0

15
5.0
+ 103
+ 25
-58
2850
2

62
65

Average
25
20
45
34
26
74
3.0
0.042
0.17
33
18
7.2
+ 148
+ 29
-83
2912
4
121
90

High
34
34
60
54
70
170
4.7
0.080
0.25
48
2 2
1 0 .0

+ 216
+ 36
-126
2950
6

170
145

Figure 5 illustrates the range of the residence times of the ladle at the LMF station as well as a
generalized LMF procedure. Heats are usually first deoxidized and desulfurized by adding fluxes
and alloys. The amounts of the addition depend on the grade and the necessary refining. Final
alloy additions and inclusion removal are done towards the end of the LMF treatment. The overall
average treatment time of ladles at the LMF stations is 45 minutes during which the steel is
stirred 34 minutes. Stirring is usually performed with a porous plug located under the alloy chute
at one third of the ladle radius, although 25% of the LMF stations are equipped with EMS. Some
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LMF stations (25%) are equipped with a back-up lance. Stirring is most intense during refining
with stirring powers as high as 170 W/t, mixing the steel in as little as 1.6 minutes. More
importantly, the argon stir increases and disturbs the slag-steel interface, supporting a high rate of
desulfurization for all steels and slags. The mass transfer rate constant for de-S is estimated to be
between 0.11 min" 1 and 0.25 min' 1 based on sulfur concentrations before and after LMF
treatment, equilibrium sulfur concentrations, and treatment times.

20 min

0

10

21 min

20

30

40

50

60

operational time (minutes)

Figure 5: Residence times of the ladle at the LMF and generalized LMF procedure.

The energy consumption at the LMF ranges between 20 and 48 kWhr/t. The energy is supplied
within 15 to 22 minutes with an average heating rate of 7.2 °F/min. The steel temperature
increases by an average of 148°F during treatment. Several factors influence the energy usage,
including deoxidation, flux and alloy additions, as well as heat losses to the environment. The
average temperature increase due to deoxidation is 29°F and the average temperature decrease
due to the additions of fluxes and alloys is 83°F. The temperature of the steel varies between
2850°F and 2950°F while it is processed at the LMF.

Many factors influence the heat losses to the environment. The processing time (time after tap
until casting) is seen as a major factor. This time was estimated in two ways. A tap-to-end-of
casting time and a “liquid time” were calculated. The liquid time is the quotient of the liquid steel
in the ladles (assuming that half of the used ladles are filled) and the hourly production rate.
Between two and six ladles are used per EAF and the steel mass in the ladles ranges between 62 t
and 1701.
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The two processing times are compared to the LMF energy consumption in Figure 6 . Average
tap temperature have been added for comparison. In general, less energy seems to be required
when the steel spends less time in the ladle. The tap temperature appears to have little influence
on the energy consumption at the LMF, indicating that the energy from the LMF is mainly used
to offset the heat losses that occur during the time the steel is processed.

Temperatures
are average
EAF tap
temperatures.

|
I5
c

o

o

tap-to-end-ofcasting time (hr)

1.75

1.50

1.25

liquid time (hr)
= liquid steel in ladles / hourly production

Figure 6 : The LMF energy consumption is compared to two differently estimated processing
times, the tap-to-end-of casting time and the “liquid time”.

Information about flux additions and slags are provided in Table VI for steels that are Al-killed or
Si-deoxidized. The slags for both types of steels receive approximately the same amount of EAF
carry-over slag (13 lb/t). The EAF carry-over slag contributes proportionally more to the mass of
the slags of Si-deoxidized steels as compared to slags of Al-killed steels because fewer fluxes are
added to the Si-deoxidized steels. In turn, less slag is produced for Si-deoxidized steels as
compared to Al-killed steels.
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Table VI: Information about ladle slags
Average amounts of additions
to ladle slags
Steel deoxidant Al
CaO
lb/t
25
2
lb/t
MgO
AI2 O3
lb/t
6
1
other (e.g. spar, CaC2) lb/t
EAF slag

lb/t

13

Si
18
2
0

3

Average slag compositions
after de-O and de-S
Steel deoxidant
Al
CaO
56
%
Si0 2
%
3
AI2 O3
29
%
6
MgO
%
2
MnO + FeO
%
4
other (e.g. sulfides)
%
Avg. amount of slag lb/t
45

Si
58
17
3
1 1

3
8
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Calculations showed that approximately 17% of the final slag is deoxidation products (A12 0 3 or
Si02) for both types of steels. Approximately, 50% of the deoxidation products originated from
the deoxidation of the steel. The other 50% of the deoxidation products originated from the
reduction of the oxides from the furnace carry-over slag. As a result, the consumption of
deoxidants could be reduced considerably while improving the steel cleanliness if furnace slag
could be eliminated from the ladle.
Based on reported slag compositions and FactSage calcuations, the final slags are CaO but not
MgO saturated. Calculations showed that the sulfide capacity and the sulfur distribution ratio
would increase if the slags were MgO saturated and if the EAF carry-over slag were decreased,
assuming that the CaO saturation is maintained. These changes could lead to lower final sulfur
concentrations in all steels. In addition, it was calculated that the final MgO concentration is the
sum of the added MgO, the MgO from the EAF carry-over slag, and some “extra” MgO,
presumably from the ladle refractory, which is MgO-C in all meltshops. Therefore, it is possible
that MgO saturated ladle slags would reduce the erosion of the slag line, increasing the service
life of ladle linings. The barrels of ladles are lined with dolomite (58%), alumina (21%), or
alumina-spinel (21%) bricks. The average ladle life is 90 heats, ranging between 65 and 145
heats.
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CONTINUOUS CASTING INFORMATION
Table VII provides information about the continuous caster productivity, average throughput per
strand, the number of strands per tundish, and the amount of steel that is downgraded during
grade change. The production rate and the average throughput per strand are higher in slab casters
than in non-slab casters. Slab casters have one strand whereas non-slab casters have on average
four strands per tundish. In general, the production rate of the caster matches the production rate
of the EAF. For non-slab casters, the average production rate is 116 t/hr for the EAF and 109 t/hr
for the caster. For slab casters, the average production rate is 186 t/hr for the EAF and 190 t/hr for
the caster. More steel is downgraded (tons and percentage of production) during the operation of
a typical slab caster than in other casters.

Table VII: Continuous caster information (comparing slab and non-slab casters)

Production rate
Average throughput
Number of strands
Downgraded / grade
% Downgraded steel

Unit
t / hr
t / min / strand
#
t / change
% of production

Low
58
0.25
3
0
0

Non-slab caster
High
Average
128
109
0.6
1 .2
4
4
2
0
11
0.12
0.35

Low
175
2.9
1

15
2.5

Slab caster
Average
190
3.2
1
22
4.0

High
204
3.4
1

25
5.6

Table VIII provides information about the steel mass in the tundish, operating times and
temperatures, including the cooling rate of the steel, as well as the largest chemistry changes that
occur during grade changes. The steel mass and the average residence time of the steel in the
tundish vary among meltshops. The casting time per ladle correlates approximately with the
average EAF tap-to-tap time. The range of maximum allowed differences in chemistry between
consecutive heats in a sequence is large for carbon (0.01% - 0.40%), manganese (0.05% -1.00%),
and silicon (0.05% - 0.30%).
Figure 7a shows the variations of the steel temperatures leaving the LMF and in the tundish. The
steel temperatures in the tundish vary greatly due to ladle changes or other disturbances. In
addition, the ladle temperature varies from heat to heat and it changes during the casting of one
ladle. The average difference in temperature from the exit of the LMF to the tundish is 101°F. The
average cooling rate of the steel while in the ladle is consistent among the plants and calculated to

39

be 1.55°F/min in agreement with typical values reported in the literature6’7’8. Figure 7b shows the
average range of steel levels in the tundishes. The average difference between the two extreme
steel levels is 20 inches. The difference defines the steel mass available during ladle and grade
changes.

Table VIII: Continuous caster information
Steel mass in tundish at steady state
Average residence time of steel
Casting time for each ladle
Liquidus temperature
LMF temperature above liquidus
Tundish temperature above liquidus
Cooling rate of steel while in ladle
Maximum
C
allowed chemistry
Mn
difference
Si
between sequential heats

Unit
t
min
min
°F
°F
°F
°F / min
A%
A%
A%

Low
9

High
35
15
65
2781
173

0.05

Average
22
9.3
56
2752
151
50
1.55
0.15
0.49

0.05

0.18

0.30

6

51
2718
1 2 2
2 0

1.50
0 .0 1

1 2 2

1.57
0.40
1 .0 0
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Figure 7a: Superheats in LMF and tundish.

Figure 7b: Steel levels in the tundish.

Note: The white parts of the columns indicate the range with the average as a line in the middle.
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CONTINUOUS STEELMAKING ISSUES

Requirements and Challenges
Figure

8

summarizes the requirements of a new continuous steelmaking process as indicated by

the industrial surveys. Reliability and flexibility were listed on all surveys as an important
requirement. Specifically, concerns were raised that a new process must be flexible to changes in
production schedule and rate, be able to produce steel at similar yield and quality to current
processes, have no negative impact on other processes, result in less than or equal maintenance
requirements, be able to deal with production or power interruptions, and be reliable in chemistry
control and refining. Most of the other requirements related to decreasing the costs by reducing
meltshop conversion cost, energy usage, and reducing capital investments. Operational
improvements such as increased productivity, improved quality, less slag, and possible use of
liquid hot metal or DRI were seldom required. Furthermore, the process is required to
continuously operate for one week with maintenance down time of one shift per week.

reliable & flexible process
lower conversion cost
less energy consumption
high rate of return on investment
operational improvements
low capital investment
0

20

40

60

80

100

percentage of responses (%)

Figure 8 : Requirements for continuous steelmaking as indicated in industrial surveys.
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The industrial surveys also indicated that there are a number of challenges to a new Continuous
Steelmaking process as summarized in Figure 9. The ability to perform grade changes with
negligible amounts of downgraded transition steel was a concern for all steel mills. Reliability
and ability of the new process were frequently identified as challenges with specific concerns
including temperature and chemistry control, ability to produce different grades, start up and shut
down, and deslagging. Equipment failure and interruptions from failures of process components
or externally caused disturbances (e.g. energy shut down) were also considered as major
challenges for a continuous operation. A production rate that can be adjusted to the needs of the
mill is seen as another challenge. Minor concerns include the possibility of increased
maintenance, refractory failures, environmental requirements, training of employees, and the
connections between the vessels.

grade change & transition steel
reliability & ability of process
equipment failure & interuptions
flexibility, buffer, scheduling, delays
maintenance (effort and duration)
refractory maintenace & life
miscellaneous
connections between vessels
0

20

40

60

80

100

percentage of responses (%)

Figure 9: Challenges for continuous steelmaking as indicated in industrial surveys.
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Design of Scrap-based, Fully Continuous Steelmaking Process
Current research is a joint effort between the University of Missouri-Rolla and the University of
Illinois-Champaign Urbana and several major scrap-based steelmakers and technology suppliers
to develop a series of vessels that continuously melt scrap, refine and alloy the liquid steel, and
feed a continuous casting operation. Research efforts include laboratory experiments to improve
the understanding of individual vessels, full-scale studies of batch operations to simulate current
operations for model validation, and computer modeling and simulation (thermodynamic,
kinetics, fluid flow, etc.) of single reactors and the entire continuous steelmaking process to
design final size, geometries, functionality, and expected performance of the process.

The current design (see Figure 10) consists of five reactors: a Consteel EAF (55 t), three refining
reactors (each 27 t), and a tundish (22 t). The three proposed refining reactors would perform the
functions of a conventional LMF while connecting the Consteel EAF and the tundish. The
process is currently designed to produce a nominal

1 1 0

t/hr, close to the average production rate

of the bloom and structural casters (109 t/hr). Computer simulations have shown that the design
would be flexible enough to operate at production rates that vary between 70 t/hr and 150 t/hr.

General inputs: scrap, energy, fluxes, alloys, argon

General outputs: quality steel, o ff gas, slag

Figure 10: Schematic illustration of the conceptual continuous steelmaking process.

Figure 11, schematically illustrates the difference in the temperature profile using current batch
steelmaking practices and the expected temperature profile using the new continuous steelmaking
process design. In general, it is expected that steel would be processed faster and at lower
temperatures with the new process.
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steel temperature (°F)

— proposed continuous steelmaking-------- - conventional batch operation

time (minutes)

Figure 11: Comparison of the temperature profile of steel produced using an average current
steelmaking practices and the new continuous steelmaking process based on computer simulations.
Shaded areas in current steelmaking would be omitted or substantially reduced with continuous
steelmaking.

There are several differences between the steelmaking practices in a conventional meltshop and
the expected practices in the proposed, fully continuous steelmaking meltshop. An analysis of the
information from the current study was used to identify the following areas in which continuous
steelmaking has the potential to increase productivity and reduce cost per ton:
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•

•

•

•

•

Increased utilization of equipment
o

No transport, holding, and emptying of vessels

o

Shorter processing times

o

Constant operation at optimum conditions (e.g. 100% power-on)

Improved metallurgical results
o

Consistent operation at optimum, steady-state conditions (e.g. optimum slag)

o

Fast corrective actions and continuous change of treatment

o

High metallic yield

o

Low equilibrium concentrations of impurities

o

Enhanced floatation of inclusions in proposed refining vessels

o

Reduced turbulence and reoxidation

o

Any lot size

Energy savings
o

Less heating and less heat losses

o

Reduced preheating and no tapping into cold ladles

o

Decreased auxiliary meltshop energy

Reduced material consumption
o

Reduced thermal cycling of refractories

o

Decreased consumption of deoxidants and electrodes

Decreased capital investment
o

Fewer and smaller cranes and equipment

o

Fewer and smaller metallurgical reactors (e.g. no ladles)

Discussion of Expected Results with Continuous Steelmaking
Expected results are based upon preliminary research of the current design. The final design and
expected results will be refined, updated and reported in future publications because this is an
ongoing research project. A 55 ton capacity EAF equipped with continuous scrap preheating
(Consteel) is designed to melt 110 tons of steel scrap per hour. By operating continuously, the
furnace will operate with 100% power-on and a continuous 55 ton liquid heel (full furnace).
These two factors contribute to increased productivity of the EAF. Metallic yield and refractory
consumption are expected to be similar to current Consteel furnace operations. It is anticipated
that the electrode consumption would be lower than current operations because the steel
temperature in the EAF would be approximately 2930°F, 61°F lower than the current average tap
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temperature, and the average residence time of the steel would be 30 min, 24 minutes less than
the current average tap-to-tap time.
It is estimated that reduced heating and shorter processing times in the EAF would save
approximately 9 kWhr/t over the current EAF energy consumption. In addition, heating of the
steel after EAF treatment would not be necessary during steady state operation of the proposed
CS process because of reduced heat losses. Heat losses would be reduced because transport and
holding times would be eliminated, reducing the overall processing time from a current average
180 minutes to possibly 75 minutes. Furthermore, steel will not be tapped into ladles, saving the
heat losses during tap and in soaking the ladle. On this basis, it is expected that the energy that is
currently supplied during LMF treatment, averaging 33 kWhr/t, could be saved. The combined
energy savings potential is 42 kWhr/t or 7 % of the current average total energy consumption. In
addition, it is estimated that approximately 20 kWh/t of the auxiliary meltshop energy could be
saved by reduced preheating of ladles (vessels), smaller cranes operated less frequently, and less
maintenance requirements of a smaller meltshop with less operating equipment. Cost savings
would also be anticipated from reduced refractory wear, consumption of deoxidants, meltshop
staff, capital investment, and increased meltshop utilization.
Conceptually, vessels would consistently operate during continuous steelmaking without being
emptied like batch furnaces or partially idle like ladles. Moreover, reactors could be operated at
optimum, steady-state conditions during continuous operation. For instance, the slag chemistry
could be maintained at the optimum composition for the desired steel quality and production rate.
Currently, the most optimum slag conditions are only achieved at the completion of ladle
treatment. Therefore, expected sulfur and other impurity concentrations could be lower than
typically produced (see Table II) in current operations. In addition, it would be possible to
continuously adjust the treatment in each vessel to compensate for external disturbances or upsets
within the system, increasing flexibility and reliability of the process.
The average residence time in each of the proposed refining reactors would be 15 minutes. The
combined average residence of the steel in all three refining reactors would be 45 minutes, closely
matching the current average residence time of the ladle at the LMF. However, the proposed CS
process is designed so that the steel would enter the tundish 75 minutes after it entered as scrap to
the EAF, considerably reducing the total time from scrap to product.
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Increased service life of the refractory linings in the reactors of the proposed CS process seems
possible because of reduced thermal cycling (only during turn-down, start-up, or during severe
grade changes). In particular, steady state thermal conditions and significant reduced oxygen
cleaning would prolong the service life of porous plugs9, 10. It is possible that under these
conditions porous plugs could be continuously operated for two weeks or longer11"14.

Lower tap speed, constant high steel level in the EAF, and a three-step refining technique could
reduce the EAF carry-over slag. This improvement may reduce the consumption of deoxidants
and decrease the final sulfur concentration. The new reactors are being designed to operate at
near-equilibrium conditions and to enhance the floatation of inclusions, possibly improving the
steel quality. Moreover, steel would not require excessive superheat as in current processing. The
steel temperature in the reactor prior to the tundish would be approximately 22°F higher than in
the tundish, considerably less than the current average difference at the LMF and tundish of
101°F. The reduction of the steel temperature during treatment would reduce the equilibrium
concentration of oxygen, sulfur, and other impurities in the steel, possibly improving steel
cleanliness and tundish operations. In addition, tundish operations may benefit from a constant
flow rate (no ladle changes), reducing turbulence and reoxidation.
The steel level in the tundish may be changed during grade changes to reduce the amount of
transition steel in a way that is similar to the methods that are currently practiced in continuous
casting. In addition, it is envisioned that changes of the steel chemistry for grade changes during
continuous steelmaking could be accomplished by adjusting the alloy additions and by varying
the levels in vessels. The continuous flow of the steel may be interrupted for few minutes
between two vessels during grade change in the CS process. In this way, it is possible that the
amount of transition steel could be minimized to be within the same ranges that are listed in Table
VII for non-slab casters. In addition, the continuous operation would allow producing any lot
size, including small orders.
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SUMMARY

The practices of eight scrap-based steelmills were compared and evaluated. It was possible to
identify operational parameters that influence productivity and production cost. The analysis of
the information indicates that Consteel EAF’s and conventional EAF’s consume similar amounts
of energy. A higher metallic yield is achieved during the operation of the Consteel furnace as
compared to conventional furnaces. Comparisons indicate that the LMF energy consumption
depends on processing times. Theoretical calculations revealed that increased MgO usage and
less EAF carry-over slag could lead to lower final sulfur concentrations, increased service life of
ladle linings, and reduced consumption of deoxidants.

A reliable and flexible process that reduces the meltshop conversion cost is important to the
industry. Major challenges that are foreseen are grade change and the amount of transition steel,
reliability and flexibility of the CS process, and equipment failure and other interruptions. It is
expected that continuous steelmaking could lead to reduced meltshop costs due to increased
utilization of equipment, improved metallurgical results, energy savings, reduced material
consumption, and decreased capital investment.
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INTRODUCTION

Gas stirred ladle refining is widely used in steelmaking to homogenize temperature and chemical
composition, as well as to remove inclusions. Accurate ability to predict the mixing time is
important because it determines the operation time needed to ensure homogeneity. In addition, it
can provide further insight into optimizing process parameters for developing new practices and
vessel designs. For example, the development of a new process for continuous steelmaking needs
computational models with sufficient accuracy to validate the process prior to full-scale
pilot-plant trials and commercialization.

In this paper, a fundamental investigation is undertaken to quantify mixing in a gas-stirred ladle
with off-centered bottom injection. Industrial trials in a Ladle Metallurgy Furnace (LMF) were
performed to investigate the time-dependent change in concentration of various elements in the
steel during the addition of a Silicomanganese (SiMn) ferroalloy into unkilled steel. The
measurements were used to validate a computational model featuring the simulation of the
three-dimensional multi-phase fluid-flow, and the simulation of the ferroalloy addition, transport,
melting, and mixing.

This work is a first step to quantify metallurgical phenomena during steel treatment at the LMF. In
addition, the results of this study will be combined in future work with other experiments and
simulations to design a fully continuous steelmaking process.

51

EXPERIMENTAL PROCEDURE - INDUSTRIAL TRIAL

The first set of experiments included temperature and composition measurements during and after
ferroalloy additions at a LMF station for eight heats of a common structural steel grade. The
argon flow rate, the initial and final temperatures, the initial and final calculated oxygen
concentrations and the manganese recovery are listed in Table I. The manganese recoveries of the
eight heats ranged between 91% and 98% and the initial oxygen concentration of these heats
ranged between 380 ppm and 1055 ppm.

Heat 1 had the highest alloy recovery and the lowest

initial oxygen concentration, and therefore was deemed the most accurate for comparing the
industrial data and the computer-model predictions, described later. The detailed operational
conditions for Heat 1 are described in this section. The results for Heat 2 were used to investigate
the effect of superheat on alloy melting and mixing. The experimental conditions during Heat 2
were generally similar to Heat 1, except that the gas flow rate was lower, reducing the flow
velocities.

Table I Operational conditions, oxygen change, and manganese recovery in the eight heats
Heat
1
2
3
4
5
6
7
8

Ar flow
rate
(Nm3/min)
0.170
0.113
0.113
0.113
0.113
0.113
0.170
0.170

Temperature (°C)

Oxygen (ppm)

Initial

Final

Initial

1551
1590
1578
1566
1605
1586
1577
1577

1516
1557
1541
1529
1568
1564
1533
1552

380
909
415
1055
810
734
840
735

Final

Mn recovery
(%)

20
30
25
23
33
32
24
29

97.8
93.0
96.6
91.1
95.1
95.6
94.7
95.8

Possible reasons for the high alloy recovery of Heat 1 are the low slag reactivity and low initial
oxygen content in the steel, owing to the low temperature of the steel and the high initial carbon
content (0.051%). The temperature was 1551°C at the beginning of the measurements and
decreased to 1516°C by the end of the trial, which was lower than steel temperatures of the other
seven heats. The liquidus decreased from 1529°C to 1518°C during the experiment because of the
alloy addition. This corresponds to a drop of the superheat from 22°C to 0°C. The other seven
heats had similar liquidus temperatures; but their steel temperatures were higher, averaging
1566°C.
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The size and shape of the ladle, the location of the porous plug, the location of the ferroalloy
addition, and the sampling location are illustrated in Figure 1. Heat 1 was the twenty-first heat
of the ladle refractory campaign and the sixth heat on the alumina porous plug. The diameter of
the porous plug at the steel/refractory interface was 113 mm. It was estimated that the slag layer
on the ladle had an average thickness of approximately 35 mm, with a freeboard distance of
~0.3m below the top of the ladle. The sampling location was approximately 300 mm below the
slag/air surface, near the location of the ferroalloy addition (see Figure 1). Efforts were made to
take the 24 composition samples and the two temperature measurements from the same location.
On average, samples were taken every 22 seconds. The surface of the liquid was disturbed due to
the stirring action of the argon gas with resulting surface waves of approximately 200 mm to 300
mm high. This was observed to mix the slag and the steel at the steel slag interface.

Figure 1 Schematic illustration of the size and shape of the ladle (130 tonnes nominal capacity),
including the porous plug, ferroalloy addition location, and sampling location

The argon flow rates were 0.17 and 0.113 Nm3/min at pressures of 448 and 269 kPa gage with an
estimated maximum leakage of less than 5% for Heat 1 and 2 respectively. New couplings were
recently installed and the connections were checked for tightness before sampling started. The
stirring gas contained 99.99% argon, less than 20 ppm nitrogen, and less than 5 ppm oxygen.
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It took 37 seconds to add the 1823.44 kg of SiMn ferroalloy to the steel. The ferroalloy entered
the steel directly above the off-center porous plug where the slag layer is thinner than in the rest
of the top surface (eye). It was estimated that the velocity of the ferroalloy pieces at the time of
their entry into the liquid steel was similar to the velocity of pieces after a vertical free fall of
approximately two meters (6 m/s). Ninety weight percent of the ferroalloy was between 13 mm
and 64 mm in size, five weight percent between 64 mm and 76 mm, and the remaining 5 percent
was fines. A normal size distribution of the ferroalloy was assumed. Furthermore, the ferroalloy
particles did not contain foreign matter (e.g. dirt) and it was dense without any visible porosity.
The chemical composition of the SiMn ferroalloy is detailed in Table II.

Table II Chemical composition of SiMn ferroalloy
Element
%

Mn
71.8

Si
16.3

C
1.9

P
0.45

S
0.007

Moisture
0.07

Fe
balance

The concentration changes of manganese, silicon, and carbon in the steel in response to the SiMn
additions in Heat 1 and Heat 2 are plotted in Figure 2. Oscillating concentration variations were
observed in all heats.

However, the first small concentration drop at the end of the ferroalloy

addition time seen in the left graph in Figure 2 was observed only in Heat 1. The steel samples
were analyzed with a spectrometer. The phosphorus content of the steel increased from 0.010% to
0.020% during the experiment. The initial oxygen content was calculated based on the carbon
concentration of the steel, and the final oxygen concentration was calculated based on the silicon
concentration and the temperature of the steel.1 The slag samples were taken with a spoon and
analyzed using X-ray Fluorescence. The initial and final slag compositions and slag masses in
Heat 1 are reported in Table III. It should be noted that the power was off and the electrodes were
raised during the entire experiment, eliminating the potential for carbon pick-up.

Table III Initial and final slag composition and calculated mass
Mass
FeO
MgO
MnO
A120 3
Si02
CaO
Component
570 kg
14.2
3.4
13.5
1.3
44.0
21.9
Initial wt%
645 kg
4.8
16.6
8.8
1.3
28.8
38.7
Final wt%
ag
components
such
as
phosphates,
sulfides,
and
titania.)
(The balance to 100% is other s
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A mass balance was performed to calculate the initial and final steel and slag mass and to
quantify the alloy loss. In addition, the amount of refractory loss due to slag line erosion during
the time between the two slag samples was calculated. For Heat 1, the calculated steel mass was
110.1 tonnes (metric tons) before the ferroalloy additions and 111.9 tonnes after the ferroalloy
additions, closely matching the average tap weight of 111 tonnes at this facility. The calculated
slag mass increased from 570 kg before the additions to 645 kg after the final chemistry sample.
These slag masses correlate well to the estimated observed average slag thickness of 35 mm. An
estimated 33.6 kg of refractory was lost within 610 seconds between the two slag samples.

c

o
2
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C
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H eat 2

c

o
o

o

Figure 2 Steel concentrations of Mn, Si, and C during the experiment including times for
temperature and slag samples
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Table IV Alloy losses and resulting effects on steel composition, including effects from slag line
erosion

Mn
Si
C
Total alloy

Alloy loss
Mass of element Percent of element
%
kg
27
2.1
27
9.1
2
5.8
56
3.1

Change in steel concentrations
due to Oxidation
due to Erosion
wt % steel
wt % steel
- 0.025
n/a
- 0.025
n/a
- 0.002
+ 0.003
-

The mass balance calculations were based on the mass of the ferroalloy, the mass fraction of
manganese, silicon, and carbon in the ferroalloy; the initial and final manganese, silicon, and
carbon concentrations in the steel; the calculated initial and final oxygen concentration in the steel,
and the initial and final concentrations of the slag components (MnO, Si02, MgO, CaO, FeO).
Intentionally, no fluxes were added to the slag during the experiment. As a result, the mass of
lime (CaO) in the slag was kept constant. The refractory of the slag line was MgO-C (10% C).
The calculated alloy losses are summarized in Table IV.

The results for Heat 2 were generally

similar, except that the gas flow rate was only 0.113 Nm3/min, so flow velocities and mixing were
slower.

COMPUTATIONAL MODEL

The model consists of two calculation steps. First, the three-dimensional multi-phase flow field in
the vessel is calculated based on the flow caused by the jet of injected gas. Secondly, the
ferroalloy addition, melting and dissolution are modeled.

Flow Model
A single set of Navier-Stokes equations is solved for the liquid phase and a discrete-phase model
is used for the gas phase. The liquid phase equations are as follows.

Continuity equation:

Momentum conservation:

V •u = 0
du

-+ U -V U

( 1)
Nb

=-Vp +V{ju+pi, )Vw- p g +

(
/=1

u - u bi \)hdt

(2)
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where u is the time-averaged fluid velocity, p is the density of liquid steel, p is the pressure, p is
the molecular viscosity of liquid steel, p, is the turbulent viscosity, g is the gravitational
acceleration, Nb is the total number of bubbles in the domain, FDii is the drag force from each
bubble as described later, Ubj is the time-averaged velocity of each bubble, and Qb is the gas flow
rate. The last term of equation (2) represents a momentum source due to bubble flotation, found
by summing the local contributions from each individual bubble in the domain. The subscript i
refers to the number of each bubble.

The standard k-s model is used to model turbulence in the liquid phase.
Ft = C»P A!
s

Turbulent viscosity, p,:

(3)

Transport equation of turbulent kinetic energy in the liquid phase, k:
dk
dt

u ■Vk = V Ft Vk + Gk - p s
j

(4)

Transport equation of dissipation rate of turbulent kinetic energy in the liquid phase, s:
de
+ u -V s = V
P
dy

where the generation of turbulent kinetic energy, Gk:

\

2

+ C ^ G k - C 2p ^ -

(5)

du,
Gk = Ft GdXj

( 6)

J

du

dut
dxl dx-

and where Ch C2, Cp, ak, oe are the empirical constants whose values are 1.44, 1.92, 0.09, 1.0
and 1.3 respectively.
The Ar gas bubbles are treated as discrete second phase particles. The trajectory of each bubble is
calculated in each time step according to the buoyancy force and the drag force between the
bubble and the flow field. Thus, the flow and the bubble trajectory equations are fully coupled.
Additionally, the chaotic effect of turbulence on the trajectories is considered using the random
walk model as described later. The equations for the bubble trajectories and drag forces are as
follows.
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Bubble trajectories:

(7)

-b,i

d Hbj
dt

Force balance on each bubble:

(e zP A g
Pb ~

( 8)

18ju CDi Re(
Drag force on each bubble:

Pbd l

Particle Reynolds number:

rc

Drag coefficient:

24

_ ^ b’\ - - bP
M

CDJ - —— (l + bx Re*2)+ 3
Ke;
d4 + Ke,

(9)

(10)

(11)

where x*i( is the position of each bubble, u'hj is the fluctuation velocity of each bubble due to
turbulence, pb is the density of the bubble, dhj is the diameter of each bubble, and C0,( is its drag
coefficient. In equation (11), b, ~ b4 are parameters in the non-spherical particle drag model by
Haider and Levenspiel.2
bx =exp(2.3288-6.4581^ + 2.4486^2)
b2 = 0.0964 + 0.5565^

(12)

b3 =exp(4.905-13.8944^ + 18.4222^2 -10.2599<zi3)
b4 = exp(l .4681 +12.2584^ - 20.7322^2 + 15.8855^3)

where <j>is the shape factor, defined as

</>= —
$

(13)

where 5 is the surface area of a sphere having the same volume as the particle, and S is the actual
surface area of the particle.
The bubble size and shape are estimated using the following equations. The shape of the bubble is
assumed to be spheroidal with uniform size.
particle equations to model the gas phase.

This simplification allows a single set of discrete
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Bubble size is characterized by its equivalent diameter, using the empirical correlation with flow
rate by Johansen and Boysan:3
/
/ \ 0-2
dbJ = 0.35 f Q l / ^
/§

(14)

Bubble shape is given by its eccentricity e, the ratio of the length between the shorter axis and the
longer axis, as estimated from measurements in various media by Wellek et al.:4

e = 1+ 0.163 Eo0,757

(15)

^
d 2b , g ( p - p b)
Eo = ----------------a

(16)

where Eo is the Eotvos number which corresponds to the ratio between the buoyancy force and
the surface tension force, and a is the surface tension of the fluid.

The fluctuating component of the particle velocity is found according to the local level of
turbulent kinetic energy using the turbulent random walk model as follows:
(17)

where ^ is a random number uniformly distributed between 0 and 1, and eR is a unit vector in a
random direction. The fluctuation velocity is kept the same during the following random eddy
lifetime re.
*e = ~ C L— \ogw r
£

(18)

where r is a random number uniformly distributed between 0 and 1, and CL is an empirical
constant (=0.15).

Ferroalloy Model
Next, the ferroalloy addition, transport, melting and mixing are modeled. In the experimental
study, SiMn ferroalloy is added from above the surface of the stirring ladle. Thus, the ferroalloy
addition is first treated as discrete second-phase particles with a common initial velocity added
into the flow field computed based on stirring alone. Then, after some melting time and distance
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traveled through the flow field, each ferroalloy particle disappears and turns into a mass source of
liquid solute that diffuses through the molten steel. In this study, manganese is the only solute
considered.

Ferroalloy particle transport is calculated using the same equations as those for Ar bubbles
(7)—(11), except that the ferroalloy particle is assumed to be spherical and the following equation
for the drag coefficient is used.
Cr

a,
a,
: r/j + — + —v
Re Re2

(19)

where the constants ai, ci2, and a3 are given by Morsi and Alexander.5 For these calculations, the
liquid steel flow field is fixed. Thus, the coupling due to momentum exchange from the ferroalloy
particles to the flow field (the last term of equation (2)) is ignored.

A solidified steel shell is formed around the surface of the ferroalloy particle when it first enters
into the molten steel. This initially prevents any alloy mixing. Then, as the ferroalloy particle is
heated by the surrounding liquid, the steel shell melts and finally disappears. Because the melting
point of SiMn (1215°C) is much lower than that of steel, the ferroalloy particle should be fully
liquid when the steel shell disappears. Thus, the molten ferroalloy is suddenly introduced into the
liquid where it starts to diffuse. The time when this occurs matches the duration of the solidified
steel shell, which is modeled by Zhang and Oeters.6

j _

C paP a^ a Ts —T0
K h

T m

~

(

20)

where // is the shell existence time, CpA is the specific heat of ferroalloy, pA is the density of
ferroalloy, dA is the diameter of ferroalloy particle, h is the heat transfer coefficient at the surface
of the ferroalloy particle, Ts, TM and T0 are the solidification temperature of the melt, the
temperature of the melt and the initial temperature of the ferroalloy particle respectively.

The heat transfer coefficient h is estimated from the Nusselt number Nu, derived from the
Reynolds number Re and the Prandtl number Pr of the flowing steel using the following
correlation by Whitaker.7

Nu = 2 + (0.4Re1/2+ 0.06Re2/3)Pr°'4

(2 2 )

R c = PdA^ - U Al? p r = C/>M^
M
where

(23)

’

is the velocity of the ferroalloy particle, CpM is the heat capacity of the molten steel, and

kMis the thermal conductivity of the molten steel.
As the ferroalloy particles melt, the species transport model applies. The turbulent diffusion of the
ferroalloy element (Mn in this case) is calculated by solving the following equation.

dt

VCM

(24)

where CMis the mass fraction of the solute, DM is the diffusion coefficient of the solute, and Sc, is
the turbulent Schmidt number which is set to 0.7.

COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS
The ladle shown in Figure 1 is modeled as a complete three dimensional computational domain of
130 tonnes, based on filling the ladle in Fig. 1 to a depth of 3.277m, leaving a freeboard of 0.3m.
Argon gas is injected through a porous plug set at the bottom of the ladle. Five active sites
generating Ar bubbles are assumed at the surface of the porous plug.
Substituting the operational Ar flow rate 0/,=5.055x 10'3kg/s (0.17m3/min) into equation (14), the
mean bubble diameter is estimated to be 28.2mm. From equations (15) and (16), e is estimated as
3.61 and the shape factor (j>in the equation (13) is obtained as <£=0.736.

SiMn containing 71.8 wt% manganese is used as the ferroalloy. For simplicity, the diameter of
each ferroalloy particle is assumed to be 30mm.

The ferroalloy is added at a constant rate of

59.85 kg/s for 37 seconds. Ferroalloy transport, melting and mixing calculations are continued

61

until 300 seconds after the starting time. As mentioned in the experimental section, the ferroalloy
is added in a 400mm diameter circle region centered in the eye above the porous plug. The initial
velocity of each ferroalloy particle at the steel surface is set to 6.26 m/s vertically downward,
corresponding to a two-meter free fall velocity. In order to evaluate the mixing time in various
locations in the ladle, nine monitoring points are chosen in the domain including the sampling
location as shown in Figure 3.

The top surface boundary condition depends on the region, as shown in Figure 4.

One region is

covered with slag, and the other is the slag-free eye above the plume region. The 1,000mm
diameter circle region directly above the porous plug is assumed as the plume region.

The

boundary conditions are as follows.

Plume region (no slag): Free shear condition

Txy = ryz = 0, uy = 0

u=0

Covered region (with slag): No slip condition

No.
1
2
3
4
5
6
7
8
9

(25)

(26)

Position (x, y, z)
(651.6, 2977,
-464.2)
(1000, 2977, 0)
(1000, 300, 0)
(0, 2977, -1000)
(0, 300,-1000)
(-1000, 2977, 0)
(-1000,300, 0)
(0, 2977, 0)
(0, 300, 0)

Figure 3 Monitoring locations inside ladle

Figure 4 Boundary condition at the top
surface showing eye caused by
plume moving away slag cover

The boundary conditions on the side and the bottom walls are set to the no slip condition, u=0.
The list of constants is shown in Table V.
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Table V List of constants
Property
Specific heat of liquid steel
Specific heat of SiMn
Diffusion coefficient manganese in liquid steel
Gravitational acceleration
Thermal conductivity of liquid steel
Initial temperature of SiMn
Liquidus temperature of steel
Viscosity of liquid steel
Density of liquid steel
Density of SiMn
Density of argon
Surface tension of liquid steel

Symbol
CpM
c„A
Dm
g
kM
T0
Ts
A
P
Pa
Pb
a

Value
820
845.7
5.5x10^
9.8
40.3
293
1803
0.0067
7,000
6,120
1.6228
1.4

Unit
J/kg-K
J/kg-K
m2/s
m/s2
J/m-s-K
K
K
Pa-s
kg/m3
kg/m3
kg/m3
N/m

COMPUTATIONAL DETAILS

The equations and boundary conditions described above were solved using FLUENT ver. 6.1.22.8
The computational domain is divided into about 40,000 hexahedral cells. The second-order
implicit time discretization scheme is used for the unsteady discrete-phase calculation, with a
chosen time step of 0.01 second. The convergence criteria are set to 10'5 for the residuals of the
continuity equation, the momentum equations, the transport equations of k and s, and the
transport equation of Mn.

For the multi-phase flow field calculation, an efficient algorithm was developed by combining a
steady flow field calculation with an unsteady discrete phase calculation, instead of using a
fully-coupled unsteady flow field and discrete-phase algorithm. In this method, the unsteady
discrete phase calculation is first solved in a fixed flow field for ten seconds of argon injection.
After each bubble location is updated, the steady flow field is then calculated for the fixed bubble
locations, including their effect on the flow field as momentum sources. These two steps are
carried out alternatively until the flow field reaches steady state, which means that the flow field
has little change in two successive calculation sets. Six sets of calculations were needed to
achieve this. This algorithm improved the computational time for the flow field calculation from
120 hours for the fully unsteady algorithm to only 0.9 hour, using Windows XP PC with
Pentium® 4 3.20GHz CPU and 2Gbyte of RAM.
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For the ferroalloy calculation, a user-defined function (UDF) was developed to install the
ferroalloy melting model into FLUENT. In the user-defined function, the melting time is defined
as a constant. Thus, after the melting time passed from the time when each particle is introduced
into the computational domain, the ferroalloy particle turns into a mass source of manganese at
the particle location. It takes 8 hours to finish the 300 seconds of ferroalloy melting and mixing
calculation using the same PC described above.

3D flow pattern

Flow in the xy centerplane

Figure 5 Calculated time-averaged flow field (FLUENT output)

RESULTS

Flow Field
Figure 5 shows the calculated time-averaged flow field in the steady state. The upstream jet due
to bubble injection from the porous plug forms a plume that expands as it rises. The plume splits
into two main streams that swirl diagonally across the top surface, flow down the far side, and
converge towards the bottom comer on the opposite side of the porous plug. The returning flow
pushes the plume toward the wall. The upward velocity in the plume region is given
experimentally by Xie and Oeters.9
uy

= 8.64 QbV

(27)
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where uymax is the maximum velocity in the vertical direction in cm/s, and Qby is the volumetric
gas flow rate in cm3/s. The plume velocities from FLUENT and from equation (27) are compared
in Figure 6. The computed plume velocity in this study matches well with the experimental
equation (27).

Figure 7 shows the gas bubble distribution in the ladle. As it forms part of the plume, the bubble
column is also pushed outward by the returning stream. There are about 1,700 bubbles (28.2mm
diameter each) in the ladle under pseudo-steady state conditions, and the average bubble dwell
time is 3.4 seconds.

2.00e-01
I80e-01
I60c-01
I40e-01
1.20e-01
L00e-01
8.00e-02
6.00e-02
4.00e-02
2.00e-02
0.00e-K)0

Contours o f DFM Concentration(kg/m3)

Figure 6 Comparison of the plume velocity

Jun22,2004
FLUENT6.1 (3 d, d p , segregated, ske)

Figure 7 Bubble distribution in the xy
centerplane (FLUENT output)

Ferroalloy Melting and Mixing
Because the ferroalloys are not exactly spherical, dA=15mm was set in equation (20) to represent
the average minimum thickness of the ferroalloy particles. The relative velocity \u-uA\=0Amls is
given from the surface velocity of the computed flow field.

From the constants in Table V,

equations (21) ~ (23) give Re=6269, Pr=0.1363, Nu=25.46 and /?=6.84><104 W/m2K. Substituting
h and other constants into equation (20), the ferroalloy melting time is obtained as follows.
271

( 28 )
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where AT=TM-Ts is the superheat of the melt. The AT in the plant at the beginning of the
operation is 20°C ~ 60°C. Thus, the ferroalloy melting time tt is estimated to range from 4.5
second (AT = 60°C) to 13.6 second (AT = 20°C).

Figure 8 shows the particle distribution during the ferroalloy addition. Because the density of
SiMn is less than that of the molten steel, the ferroalloy particles float up immediately after
addition, and drift along the surface just beneath the slag. They accumulate around the perimeter
of the top surface opposite from the plume. Furthermore, since the ferroalloy particles reach the
perimeter only 6 seconds after addition, all of the ferroalloy melting takes place in this region of
the top surface perimeter. These results confirm the operational experience that ferroalloy
recoveries depend on the oxygen potential of the slag, which is most likely at equilibrium with
the steel at the well-mixed slag steel interface. As expected, recovery rates were strongly
correlated with initial oxygen concentration during all experiments (R2= 0.97). The measured
recovery of manganese ranged from 91% to 97%.
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Top View

Figure 8 Ferroalloy particle distribution during addition (20 seconds after start of ferroalloy
addition - FLUENT output)

66

Figure 9 shows the mixing behavior in the xy centerplane sections. The superheat for this case is
20°C and the corresponding ferroalloy melting time is 13.6 seconds. Note that solute is generated
at the dense region at the top left comer where the ferroalloy particles melt. It then circulates in
the ladle, and mixes by turbulent diffusion. The solute concentration finally approaches the
well-mixed value of 1.26% for Heat 1.

Figure 10 compares the mixing behavior measured in the plant with the computed concentration
histories at the sampling location.

The normalized concentration is (C-Q)/(C,-CV>), where C is

the concentration at a given time, C0 is the initial concentration, and C„ is the fully homogenized
concentration.

The two computed curves are calculated using the operational condition of Heat

1 (i.e. 0/,=O.l 7Nm3/s) for two superheats, 20°C and 60°C to study the effect of superheat on
ferroalloy melting and corresponding mixing. The measured data from Heat 2 are also shown in
comparison. However, the lower argon flow rate (0 A=O. 113Nm3/s) likely causes the longer
mixing time. The computed lines reproduce the qualitative behavior of the plant data, including
its oscillating nature.

However, there is some difference in the peak positions, which suggests

that the model may predict faster mixing than measured in the actual ladle.

40sec

60sec

80sec
lOOsec
120sec
Figure 9 Mixing behavior in the xy centerplane
(indicated time is the time after ferroalloy addition starts)
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Time after alloy addition start (sec)

Figure 10 Computed concentration profiles at the sampling point compared with plant
measurements

The variations between the measurements are likely caused also by the significant turbulent
fluctuations in the molten steel, which lead to different mixing behavior depending on the local
flow conditions at the instant of ferroalloy addition. This phenomenon has also been found in
studies of particle motion in the continuous casting mold.10 In addition, the sampling location
may vary slightly for each data point. A comparison of Figure 1 and 8 reveals that there is a large
concentration gradient at and near the sampling location during and immediately after the
ferroalloy addition. As a result, slight deviation of the sampling location could have contributed
to the difference between trial and modeling data.

The results in Figure 10 also show that quantifying the mixing behavior with a mixing time to
reach a given percentage (e.g. 95%) is not appropriate. This is because both the measurements
and computations show that the circulating region of solute-rich fluid causes an initial
concentration peak that exceeds 100% well before mixing is complete. Thus, mixing time is
better defined as the time when the normalized concentration reaches 100% ± variation limits and
subsequently never goes outside of this range.

Using this definition, the mixing times at various sampling points are shown in Figure 11. The
mixing time was calculated for two variation limits, 1% and 5%. The location with the maximum
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mixing time is monitoring point 5 for ±1% and monitoring point 7 for ±5%. Thus, the region near
the bottom comer of the ladle determines the mixing time needed for homogeneity of the entire
molten steel heat.
location of mixing.

The mixing times range from 88 to 187s, depending on the definition and
Thus, it is important to carefully choose the sampling point and then to

examine the entire mixing curve.

a
O
03
O
O
c

o

Mixing time after alloy addition (sec)

Figure 11 Mixing time at various monitoring locations

Superheat (°C)

Figure 12 The relationship between superheat and mixing time
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Finally, the relationship between the superheat of the molten steel and the mixing time is shown
in Figure 12. The maximum value of the mixing time at the nine monitoring locations is taken as
the maximum mixing time. The superheat only affects the mixing times by about 10 seconds,
which is the difference in the ferroalloy melting times. Thus, the mixing time mainly depends on
the flow field.

CONCLUSIONS

The three-dimensional multi-phase turbulent flow field and ferroalloy mixing in an off-centered
gas-stirred ladle with 130 tonne nominal capacity is investigated using plant measurements and
computational models. The computed plume velocity agrees well with a previous empirical
equation. A complex three-dimensional swirling flow pattern due to off-centered Ar bubbling is
predicted, with about 1,700 Ar bubbles distributed in the pseudo-steady flow field.

Flow from

the plume traverses the top surface, down the far walls of the ladle, and circulates back across the
bottom, where it bends the plume slightly.
Alloy mixing is measured after a SiMn addition with alloy recoveries well over 90%. The SiMn
melting time is from 4.5 to 13.6 seconds, according to the superheat. Computations show that the
low density ferroalloy particles float quickly back to the surface of the molten steel, are
transported across the ladle surface by the steel flow, and melt at the far perimeter of the ladle
surface. Ferroalloy mixing behavior is simulated by coupling the melting model with a turbulent
species diffusion computation in the flowing liquid.

The predicted mixing behavior matches the

plant measurements qualitatively, but is slightly faster. Both exhibit significant variations, with
normalized concentrations that exceed 100% before mixing is complete.

Finally, mixing times depend greatly on the definition of mixing (eg. ±1% or ±5%) and on the
sampling location used to infer the state of mixing.

In this ladle system, mixing took VA to 3

minutes. This time depends mainly on the flow field and little on the ferroalloy melting time.
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ABSTRACT

The mass transfer rate during ladle refining was quantified by taking sequential steel and slag
samples during the treatment of 20 heats. Each heat was stirred with a different argon flow rate,
ranging between 0 and 63 scfm. Heats were treated at two different plants. Al-killed steel was
produced at an LMF in 151-t ladles. Si-deoxidized steel was produced at an LMF in 123-t ladles.
Mass transfer rate constants were determined for each heat by using process simulation (Metsim)
and thermodynamic (FactSage) models. Relationships between mass transfer rate constants and
stirring powers as well as ladle geometries were compared between the two plants and published
literature. It was found that the reaction kinetics during ladle refining depend on the bulk
transport of the steel to the slag/steel interface and on the thermodynamic equilibrium at the
slag/steel interface. The necessary refining time decreases if the newly-defined specific steel
transport rate is maximized and the slag has a low basicity and FeO concentration before the start
of de-S.

INTRODUCTION

Ladle Metallurgical Furnaces (LMF’s) are used for steel temperature control, deoxidation of the
steel, reduction of sulfur, alloy additions, inclusion flotation and modification, as well as holding
units if delays occur during production. Reaction rates that lead to the desired steel composition
within short times are desired in order to increase production or to avoid delays. The steel is
stirred to achieve homogeneity and to transport it to the slag/steel interface where most reactions
occur. Industrial trials were performed at two different LMF stations to gather information about
the correlation of the argon flow rate, reaction rates, and thermodynamic factors that could
influence the necessary treatment time of the steel at these LMF’s. The results of this study are
being used to design and simulate a new, fully continuous steelmaking process1.
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EXPERIMENTAL PROCEDURE

The treatments of 20 heats at two different LMF’s were observed at different argon flow rates.
The monitored heats included 12 heats with Al-killed steel at LMF 1, using argon flow rates
between 50 and 63 scfm and 8 heats with Si-deoxidized steel at LMF 2, using argon flow rates
between 0 and 15 scfm. The experiments were a detailed time study of ladle additions, stirring
conditions, and the resulting steel and slag compositions and steel temperatures. The recorded
details of the ladle treatment included amount, time, and type of alloys and fluxes, temperature
measurements, dissolved oxygen measurements, start and end of arcing, start and end of argon
stirring with corresponding flow rates and pressures, estimated steel masses, estimated amount of
solid and liquid slag, as well as miscellaneous information such as the falling of a scull from the
roof into the steel. A video camera was used to record times of additions, samples, and
temperature measurements with a precision of one second.

The change of the composition of the steel and slag was measured by taking 25 to 30 steel
samples and 3 to 6 slag samples while the steel was treated at the LMF. The treatment durations
ranged between 25 and 45 minutes. Steel samples were taken every 30 to 90 seconds and slag
samples were taken every 5 to 10 minutes. A time was assigned to each sample based on video
recording during treatment of each heat. Each steel sample was dropped into labeled steel cans
after being taken and later placed into labeled envelopes. The chemistries of the steel samples
were analyzed with a mass spectrometer. A LECO analyzer was used to determine the nitrogen
and total oxygen of each steel sample.
The slag samples were taken with a pole at LMF 1 and with a spoon at LMF 2 and placed in
labeled envelops. The slag samples from LMF 1 were analyzed with an X-ray fluorescence
(XRF) machine. The slag samples from LMF 2 were analyzed by ACME Analytical Laboratories
using Induction Coupled Plasma Emission Spectrometer (ICP-ES) for determining the
concentrations of all oxides except FeO, dichromate titration for determining the FeO, a LECO
analyzer for determining the sulfur, and ion electrode analysis for determining the fluorine
content of the slag. In addition to ACME’S chemical analysis, 9 slag samples from LMF 2 that
contained little CaF2 were analyzed by XRF. The double analysis confirmed agreement for the
two analysis techniques. A magnet was passed over the ground slag powders before the analysis
to remove metallic iron.
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DESCRIPTION OF METSIM MODEL

Metsim is a program capable of performing dynamic simulations of a multitude of processes. A
model was designed to simulate the 20 heats. The model uses data from the industrial trials as
inputs, including the initial compositions and estimated masses of the steel and slag, time, type,
and amount of additions, and temperatures. The estimated initial slag mass was adjusted based on
actual flux and reaction product additions and the measured concentration changes in the slag.
The outputs of the Metsim program are the calculated steel and slag concentrations at associated
times. This output was graphed together with the concentration and time data from the industrial
trials. The mass transfer rate constant was adjusted within the Metsim model until the calculated
concentrations agreed with the measured data for all components of the steel and slag. In this
way, the simulations were used to determine 26 different mass transfer rate constants for 26
different argon flow rates. These mass transfer rate constants not only reflect the concentration
change of one steel component (e.g. S) but the concentration changes of all components of the
steel and slag.

The mass transfer rate constant
The value of the mass transfer rate constant (k) represents the fraction of the steel that reacts with
the slag during one minute. It has the unit of inverse minute (min'1). Equation la shows a firstorder rate equation with the mass transfer rate constant. The solution of Equation la is Equation
lb, which is an exponential function that describes the decrease of concentration (C) over time
(t), starting with an initial concentration (C0). The equilibrium concentration (Cequ) is assumed
constant in Equation 1.

Equation la:

Equation lb:

c=c,m+{c0~cemy h
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The Metsim model for steel treatment in ladles
Process models may be built with a multitude of modules and streams within Metsim. Free
Energy Minimizer (FEM), mixer, and splitter modules as well as streams were used to create a
model of a ladle as illustrated in Figure 1. Streams allow for material flow among the modules in
metric tons per hour (mt/hr).

The slag/steel reactions were calculated with the Interface FEM and the reaction within the steel
were calculated with the Bulk FEM. The temperature for the calculations in these FEM’s was set
to be the measured temperature from the trials. The pressure was set at 1.3 atm in the Bulk FEM
and at 1 atm in the Interface FEM. Activity coefficients (y) of elements and compounds were
chosen based on FactSage calculations so that the Metsim FEM’s produced similar results to the
FactSage FEM for the range of the measured steel and slag chemistries. This procedure required
numerous iterations of the Metsim simulations and the change of some activity coefficients
during the calculations. For instance, the activity coefficient of liquid FeO had to be adjusted
during and after deoxidation of the steel. The values of the FeO activity coefficients ranged
between 0.9 and 3.2.

Figure 1: Illustration of Metsim model used for simulation of steel treatment in the ladle
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The wide, solid streams (1, 2) in Figure 1 represent the bulk flow of the steel that does not react
with the slag during one calculation. The width of these streams indicates that the majority of the
steel does not react with the slag during each calculation. The time step for each calculation was
chosen to be ten seconds. The flow of stream 1 is the quotient of the total steel mass and the time
step. The flow of the returning stream 2 is the difference between stream 1 and the flow of the
Kinetic Stream 3. The flow of the Kinetic Stream 3 is the product of the total steel mass and the
mass transfer rate constant (k). This flow was adjusted until the simulation results agreed with the
data from the industrial trials. Stream 4 represents the steel flow from the slag/steel interface back
into the bulk. Alloys with compositions as provided by the suppliers were added through stream 5
at times that were recorded during the industrial trials.

Streams that carried oxides or other non-metallic liquids are represented by double lines. Stream
6 transported inclusions from the Bulk FEM to the Interface FEM. Stream 7 and 8 carried slag
between the Interface FEM and the Slag mixer, representing a well mixed slag. Fluxes with
compositions as provided by the suppliers were added with stream 9 at times that were recorded
during the industrial trials. Dashed lines in Figure 1 illustrate gas streams. Argon entered the Bulk
FEM at the recorded flow rates. The product gases from the Bulk FEM mixed with air and than
reacted with the steel and slag in the Interface FEM. The air intake was adjusted so that the model
predicted the measured nitrogen increase. Off-gases left the system from the interface FEM.

Mass transfer within the slag
The rate of the reactions on the slag/steel interface depends on the mass transport of all reactants
to the interface and the mass transport of all products away from the interface. Reactions rates are
increased if species are frequently transported to and away from the interface and if the interface
is large.
Argon stirring is usually chosen as the preferred stirring method for refining (over induction
stirring) because it not only transports the species to and away from the slag/steel interface but it
also creates a large slag/steel interface or emulsion in the upper part of the ladle. Lachmund et al.2
recorded in detail the number, sizes, and size distribution of slag droplets within the steel in the
upper part of an industrial ladle, documenting a significant formation slag/steel emulsion during
argon stirring. Grip and Jonnson3 measured slag compositions at different locations and could not
find a significant difference between their measurements, drawing the conclusion that the slag is
well mixed. In addition, Grip and Jonnson3 recorded that the steel splashes on top of the slag,
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creating slag/steel emulsions. Vigorous mixing of the slag with the steel was also observed during
the treatment of all 20 heats that are evaluated in this report. For instance, numerous slag particles
were observed in the steel samples even at argon flow rates as low as 2 scfm. These observations
and results agree with the findings of El-Kaddah and Szekely4 who concluded that the limiting
factors for reaction kinetics within argon-stirred ladles are the bulk transport of the steel to
slag/steel interface and the thermodynamic equilibrium at the slag/steel interface but not the
emulsion or interfacial area.

An early version of the Metsim ladle model included a slag splitter, allowing for the calculation
of the mass transfer rate constant on the slag side of the slag/steel interface. The results of this
more complex model were compared to the results of the simpler model that is shown in Figure 1,
finding no significant differences between the two models. This result can not only be explained
with a well-mixed, low-volume slag, and with the ease of creating slag/metal emulsions but also
with the relationship among the different mass transfer rate constants. Equation 2 describes the
relationship between the overall mass transfer rate constant (k), the mass transfer rate constant for
the slag (ks), and the mass transfer rate constant for the steel (kM).

Equation 2:

—— + -5—= —
ksL kM k

The distribution ratio (L) of a species (e.g. S) is the ratio of the concentration of this species on
the slag/steel interface in the slag and the concentration of the species on the slag/steel interface
in the steel. The distribution ratios range between 100 and 700 for sulfur, making the first term of
Equation 2 significant smaller than the second term for slags that are at least as well stirred as the
steel. As a result, the overall mass transfer rate constant is determined by the mass transfer rate
within the steel (k = kM).

DISCUSSION OF DATA AND SIMULATION RESULTS
General information
The chemical analysis of the 600 steel and 100 slag samples were compared with the Metsim
simulations, requiring the use of 80 graphs. Because it is not feasible to report all of the data and
simulation results in this paper, only one representative heat from each LMF was chosen for
illustration of data and simulation results.
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The estimated steel and slag masses, recorded lime additions, and average temperatures together
with ladle dimensions (fill height, average and top inner diameters) and numbers of porous plugs
for each LMF are summarized in Table I. Flux additions during or after the deoxidation of the
steel included lime for all heats as well as 250 lbs to 750 lbs of bauxite during the treatment of
heats 1 to 6 (LMF 1) and 375 lbs of spar and 40 lbs to 80 lbs of MgO during the treatment of all
heats from LMF 2 (heats 13 to 20). The slag masses in Table I are based on adjustments to the
initial estimates made during the simulations. The initial slag is the slag that was taken after the
Al-kill for LMF 1 and before the Si-deoxidation for LMF 2.

Table I: General information from each LMF (averages)
Steel
LMF 1
LMF 2

tons
151
123

Initial
slag
tons
2.0
1.6

Final
slag
tons
3.3
3.0

Lime

Temp.

tons
1.2
1.0

°F
2932
2837

Fill
height
inches
119
121

Ladle
Davg
inches
115
103

Ladle
Dtop
inches
118
108

plugs
number
2
1

Two representative heats
The change of steel and slag composition during the treatment of two heats over 30 minutes is
shown in Figure 2. The data and simulation results from heat 8 (LMF 1) are shown in the left
column of Figure 2 (Figure 2a); and the data and simulation results from heat 16 (LMF 2) are
shown in the right column of Figure 2 (Figure 2b). The measured data are presented as discrete
data points whereas the results from the simulations are presented as continuous lines. The
simulations reproduced the measured steel and slag concentrations in these two examples as well
as the other 18 heats.
The concentrations of C, P, S, Si, and Al in the steel are reported in the first row of Figure 2
followed by the concentrations of Mn, V, N, and total O in the second row. The concentration of
nitrogen was multiplied by 100 in order to present several elements in one graph. The graphs in
the last two rows show the composition of the slags, reporting CaO, Si02, A120 3, P, and S in the
third row and MgO, MnO, and CaF2 in the final row of Figure 2. Fleat 8 was stirred with 50 scfm
with a corresponding mass transfer rate constant of 0.18 min'1; and heat 16 was stirred with 7
scfm with a corresponding mass transfer rate constant of 0.06 min"1.
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Figure 2a: Data and simulation results from heat 8

Figure 2b: Data and simulation results from heat 16

(LMF 1)

(LMF 2)
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Al-killed steel was produced with heat 8. Aluminum was added during the first 3 minutes of the
treatment. Lime was added after the first minute (1000 lbs), the eight minute (785 lbs), and the
15th minute (800 lbs), increasing the basicity of the slag and aiding desulfurization (de-S). 500 ft
of Al-wire was added after the last steel sample was taken shortly before the ladle left the LMF.
Al decreased from 0.094% to 0.023% and S decreased from 0.037% to 0.011% while steel
samples were taken. The A120 3 content in the slag slightly decreased during the treatment because
lime was added. This decrease reduced the activity of A120 3, resulting in rapid de-S. The rate of
de-S was also enhanced by the decrease of the FeO content from 5% to 1% during the first 5
minutes after the kill. The activity coefficient of FeO was decreased from 1.9 to 1.0 at the 5th
minute during the simulation. A total of 350 lbs of iron oxide (Fe20 3) had to be artificially added
during the simulation in order to reproduce the decrease of the aluminum concentration. The
sulfur content of the slag increased from 0.3% to 1.4%.

The concentration of carbon and phosphorus did not change while samples were taken. Their
concentrations were 0.030% and 0.014% respectively. Alloys were not added to the steel during
the treatment of this heat. The manganese increased slightly due to the reduction of MnO during
and after the kill. The Si concentration increased from 0.012% to 0.015% during the treatment,
indicating the reduction of Si02 from the slag. However, the simulation could not predict the Sireversion.
The nitrogen increased from 50 ppm to 55 ppm over a period of 20 minutes due to the open
stirring eye where the steel is exposed to the air. The steel was not heated with the electrodes
during the entire treatment since the temperature of the steel was 3010°F at the end of the kill and
2936°F after 19 minutes. The total oxygen varied between 22 ppm and 1700 ppm during the
entire treatment time, while the dissolved oxygen was measured to be 4.2 ppm. The “shot-gun”
pattern of the total oxygen indicates that significant slag is entrapped in the steel as an emulsion,
qualitatively reproducing the results from Lachmund et al2.
The total oxygen varied between 120 ppm and 1050 ppm during the treatment of heat 16 while
Si-deoxidized steel was produced. These results agree with previous measurements reported at
LMF 2. The lower maximum total oxygen (as compared to heat 8) could be an indication that the
slag/steel emulsion is less at lower argon flow rates. However, the nitrogen increase during steel
treatment does not seem to be a function of argon flow rate, the size of the open eye, nor the
duration of arcing. The nitrogen increased at the same average rate (0.25 ppm / min) during heat
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16 as during heat 8. The nitrogen increased from 80 ppm before the 7th minute to 86 ppm after
30th minute. Heat 16 was periodically arced, maintaining an average steel temperature of 2850°F.

The nitrogen slightly decreased from 84 ppm to 80 ppm during the first seven minutes of the
treatment of heat 16 due to a carbon boil. The carbon decreased from 0.063% to 0.051% during
the boil. The only steel treatment during this time was argon stirring and the addition of 120 lbs
of lime. The simulation predicted that the FeO content of the slag increased from 8% to 16%
during these seven minutes. A FeO concentration of 9.5% was measured after the second minute.
Prolonged argon stirring before the addition of deoxidants and alloys is usually not practiced. It
was done during the trials to test the amount of carbon that could be removed with such a practice
within a reasonable time.

The FeO concentration of the slag decreased within four minutes to a value of 0.9% while 4682
lbs of SiMn, 264 lbs of FeSi, 375 lbs of spar, and 500 lbs of lime were added. The low FeO
concentration was necessary for de-S to start around the 12th minute. The FeO activity coefficient
was decreased from 2.6 to 1.4 at the 11th minute during the simulation. The phosphorus increase
(0.002%) during alloy additions originated to 80% from the SiMn, which contained 0.45% P
while the rest of the phosphorus increase was due to reversion from the slag. The carbon content
of the steel increased from 0.051% to 0.088% during the alloy addition because the SiMn
contained 1.9% C. The Si02 content of the slag increased during deoxidation of the steel while
the MnO concentration decreased. The Si02 concentration decreased after deoxidation due to
continuous lime additions, decreasing the activity of Si02 and supporting rapid de-S. The CaF2
content of the slag increased to 9.3% during the alloy additions and decreased afterwards to a
final value of 6.0% due to continuous lime additions and evaporations. The CaF2 concentration of
0.7% before the addition of spar indicates that approximately one-half of a ton of slag from the
previous heat was left in the ladle.
Vanadium (100 lbs) and MgO (40 lbs) were added after the 14th minute, increasing the vanadium
concentration to its final value of 0.051%. Part of the scull from the LMF roof fell into steel
around the 20th minute, supplying iron oxide to the system. It was estimated that 230 lbs of Fe20 2
entered the ladle at this time as this amount was added to the model to reproduce the measured
concentrations. The supply of iron oxide caused a decrease of the silicon concentration in the
steel and a slowing of the de-S rate, in spite of the 78 ft of CaSi wire that was added two minutes
after the oxidized scull fell into the steel.
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The correlation between the mass transfer rate constant and the specific stirring power
The mass transfer rate constants of all 20 heats together with the corresponding argon flow rates
and specific stirring powers are listed in Table II. Previous researchers2,5’ 6 compared the mass
transfer rate constant to the specific stirring power (s). The specific stirring power is a function of
the argon flow rate at standard temperature and pressure (Q), the steel mass (m), the injection
depth of the argon (h), the ambient pressure above the bath (P0), and the absolute steel
temperature (T). Metric units are required when the stirring power formula is used as it is written
in Equation 3. The specific stirring power has the unit watts per metric ton (W/mt). Lehner7
published a derivation of the stirring power formula, accounting for the buoyancy work and
pressure-volume work that is transferred to the steel during the rise of gas bubbles. The stirring
power formula assumes that each steel particle receives the same, average amount of kinetic
energy during the time of argon stirring.

f

s = 1 4 .2 3 ^-lo g ]0
m

Equation 3:

1

+-

1.5RO J

Table II: Measured argon flow rates at STP, calculated specific stirring powers, and calculated
mass transfer rate constants
LMF 1
Heat
number
Ar scfm
8 W/mt
k min'1
LMF 2
Heat
number
Ar scfm
8 W/mt
k min'1

1

2

3

4

5

6

7

8

9

10

11

12

60
159
0.19

61
160
0.18

63
165
0.18

63
165
0.20

63
171
0.20

52
136
0.17

61
159
0.17

50
135
0.18

56
148
0.20

61
162
0.20

55
146
0.16

62
164
0.21

19

20

13
42
0.10

8
26
0.08

13
2
6
0.05

4
13
0.05

6
19
0.11

14

15

16

15
47
0.12

4.5
14
0.08

7
23
0.06

18

17
10
32
0.10

0
0
0

4
13
0.06

13
42
0.12

0
0
0

4
13
0.07

In the two LMF’s studied, the specific stirring power is mainly a function of the argon flow rate
and steel mass because the other factors are essentially fixed: the ambient pressure was always
one atmosphere, the absolute temperature varied little, and the argon was injected through the
bottom of both ladles filled with approximately 10 feet of steel. The relationship of the mass
transfer rate constant to the specific stirring power is shown in Figure 3 for the 26 different argon
flow rates used during the treatment of 20 heats.

= mass transfer rate constant (min-1)
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Equation 4a:

Equation 4b:

k -0 .0 1 8 z°47

k = 0.01 Os043

The circles in Figure 3 represent the values of the mass transfer rate constants that were
calculated with Metsim. Equation 4a (R2 = 0.97) describes the relationship between the specific
stirring power and the Metsim values as a power function with an exponent of 0.47. This
relationship was expressed with similar power functions by previous researchers. Ghosh5 and Qu6
published summaries of the results from previous work. The reported exponents for industrial
reactors range between 0.27 and 1.0 with an average of 0.54.

The triangles in Figure 3 represent the exponent of Equation lb calculated by fitting an
exponential function to the recorded times and the differences between the measured sulfur
concentrations and the final equilibrium sulfur concentration. The final equilibrium sulfur
concentrations were calculated with FactSage and ranged between 3 ppm and 41 ppm for both
types of steels. Equation lb assumes that the equilibrium sulfur concentration at the slag/steel
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interface is constant and at its final value during the entire refining time. This assumption is
incorrect because simulation results show that the equilibrium sulfur concentration at the
steel/slag interface at the start of de-S is up to 50% of the initial bulk sulfur concentration,
depending on the activity of the FeO in the slag at this time and the choice of deoxidant (Al or
Si). If the assumption of a constant, low value of the equilibrium sulfur concentration was correct,
there would be a weak correlation between the mass transfer rate constant and the specific stirring
power, especially for data from LMF 1 (Al-killed steel).

Equation 4b (R2 = 0.67) describes the relationship between the specific stirring power and the
values that were calculated with the assumption of a constant, low equilibrium sulfur
concentration as a power function with an exponent of 0.43. The values of the mass transfer rate
constants that are predicted by Equation 4b are lower than those values calculated by Equation 4a
but similar to results from Lachmund et al2 (straight line in Figure 3). The equilibrium sulfur
concentration was assumed to be zero at all times during de-S of the heats that were investigated
by Lachmund et al8 while the FeO content in the slag of these heats was between 1% and 7%.

ADDITIONAL EVALUATIONS OF THE DATA AND SIMULATION RESULTS

The current work could approximately reproduce the average of the published exponents (~0.5)
for the power function (Equation 4a) that describes the relationship between the mass transfer rate
constant and stirring power. These results point to a square-root relationship between the mass
transfer rate constant and the stirring power.
On the other hand, Equation 3 assumes an equal power input to all parts of the ladle. Aoki et al9
published fluid flow models of argon-stirred ladles verified by measurements from LMF 2, which
document different flow regimes throughout the ladle. The largest velocities, turbulences, and
energy dissipation rates occurred within the plume and in the vicinity of the slag/metal interface
just as predicted by El-Kaddah and Szekely4. Another incongruity of Equation 3 is the absence of
an area term in the numerator, implying that the ideal shape of a steel refining vessel is a tall, thin
tube. A dimensional analysis was performed to increase the understanding of relationship
between common production conditions and the mass transfer rate constant.
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Dimensional analysis
The mass transfer of the steel from the bulk to the slag/steel interface depends on the energy input
(Q), the fluid flow within the steel, which is a function of the shape and size of the vessel (h, H,
Davg, Dtop), and variables that are important for emulsification (pM, ps, pM, Ps,

Hs). The 13

variables that were considered during the dimensional analysis (Table III) have three basic
dimensions (length, time, and mass), requiring ten dimensional groups (Table IV).

Table III: List of 13 variables that were considered in the dimensional analysis
Symbol

Name of variable

Symbol

Name of variable

k
Q
h
H
Davg
Dtop

mass transfer rate constant
argon flow rate
injection depth of argon
fill height
average diameter
top diameter
steel density

Ps

slag density
steel viscosity
slag viscosity
surface tension
height of slag layer
gravitational constant

Pm

Pm

Ps
a
Hs
___g___

The first two (tci and n2) dimensional groups in Table IV were used to develop Equation 5. The
other eight groups of Table IV were not included in Equation 5 because it is assumed that the
emulsification (7i3 through ix6) is not a limiting factor for the reaction rate and because the values
of the last three groups (7i8 through

7t]0)

do not significantly vary between the two LMF’s.

Furthermore, steel and slag masses were included in the Metsim simulation that calculated the
mass transfer rate constant and therefore dimensional group ti7 was not included in Equation 5.
The derivation of Equation 5 included the change of the squared-top-diameter term (D2top) to top
area (Atop) and the change of the cylindrical-volume term (HD2avg) to steel mass (m).

Equation 5:

,

jQAopyfgh

k cc -------------------

m
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Table IV: Ten dimensionless groups from the dimensional analysis
7C

Dimensionless
group

1
§D l P
2

3

Q
fh
H D lJ g
p l s H D 2avg
Pm

4
5

7
8
9

mass transfer
interfacial area

Used because it describes the fraction
of steel volume that is transported to
a specific slag/steel interfacial area
Used because it describes the amount
of argon flow rate per steel volume
and it considers the injection depth

„
,
.
inertia
Froude number = -------gravity
Grashof number = gravity
vis cosity
Bond number = -----grav'ty—_—
surface tension

Ms

Ratio of the slag and steel
viscosities

Ps
Pm

Ratio of the slag and steel
densities

Hs.
H

This ratio is effectively the ratio
of the slag and steel masses.

h

Ratio of injection depth and fill
height

H
H
A n,

10

Reasons for use in Equation 4

P mS^avg
<y
Mm

6

Description of group

Aop
A n,

Ratio of the fill height and the
average diameter
Ratio of the top and average
diameters

These groups describe properties
important to emulsification and were
not used because viscosities,
densities, and surface tensions were
not measured nor expected to vary
significantly. It is assumed that
emulsification is not the limiting
factor for reaction rates in industrial
ladles.
Not used because the masses of both
liquids are incorporated in the
Metsim simulations
Not used because it is 1.0 for both
LMF’s
Not used because similar in both
LMF’s
(1.03 fro LMF 1 and 1.17 for LMF 2)
Not used because similar in both
LMF’s
(1.03 fro LMF 1 and 1.05 for LMF 2)

Equation 5 was changed to Equation 6a because the algebraic velocity term (Vgh) in Equation 5
implies constant forces. However, the magnitudes of the buoyancy and pressure-volume forces
change while argon bubbles rise through the steel and these forces are a function of the ambient
pressure. These forces are correctly described by the stirring power formula, using absolute
temperature and the logarithmic term, which is derived by integration7. In addition, the effect of
the cross-sectional area of the gas inlet or the number of porous plugs (N1/4) was included in
Equation 6a based on results from a similar dimensional analysis that was published by
Zlokamik10. A proportionality constant (C) was included in Equation 6a as well.
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Equation 6a:

Equation 6b:

m

x=

1
m

Equation 6b defines the “specific steel transport rate” (x). This name was chosen because it
includes the argon flow rate as well as the change of momentum that the argon flow rate can
transfer to the steel to make it flow (transport). The force that is transferred to the steel by a
specific argon flow rate increases if the steel mass is minimized and if the top area and injection
depth are maximized. The unit of the specific steel transport rate includes the change of
momentum of the steel in Newtons (N), the argon flow rate in cubic meters per second (m3/s),
and the steel mass in metric tons (mt). Equation 6a predicts a square-root relationship between the
mass transfer rate constant and the argon flow rate and it implies that the shape of an ideal
refining vessel is a cone.
A cone-shaped reactor would minimize the amount of steel that needs to be transported by the
argon flow while maintaining a sufficient top area to maximize slag/metal reactions and a
sufficient fill height to maximize the power input from the argon flow. It maximizes the fraction
of the steel that is highly stirred because the largest velocities, turbulences, and energy dissipation
rates occur within the plume and in the vicinity of the slag/metal interface, which make up a
larger fractional volume of a cone as compared to a cylinder. The fluid flow within an argonstirred, cone-shaped steel refining vessel was modeled by Zhang et alu .

Specific steel transport rate
The result of the dimensional analysis (Equation 6a) was assessed. The specific steel transport
rates of the 20 heats and 26 argon flow rates are plotted against the Metsim-calculated mass
transfer rate constants in Figure 4. The relationship between these two variables is Equation 6c
(R2 = 0.96), which requires metric units and the argon flow rate at STP. The y-intercept of
Equation 6c is zero, indicating that the parameters that influence emulsification do not affect the
mass transfer rate constant for the production conditions of these two LMF’s. This conclusion
agrees with the calculations from El-Kaddah and Szekely4.
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Figure 4: Relationship between the mass transfer rate constant as calculated with Metsim and the
specific steel transport rate

Equation 6c:

k=

0.08
l , 4 . 2 3 ^ S1/4L l o g w 1 + 1.5Ro y
m.
N

Thermodynamic factors that affect reaction rates
Large reaction rates not only require frequent transport of steel to the slag/steel interface (e.g.
large x) but also thermodynamical conditions at the slag/steel interface that favor desired
reactions (e.g. de-S). The thermodynamic equilibrium on the slag/steel interface was different for
each heat, causing different de-S rates for similarly stirred heats.

The rate of de-S and the change of Al, A120 3, and FeO concentrations during the treatment of
heats 1 and 5 are shown in Figure 5 from the start of de-S until the end of the ladle treatment at
LMF 1. The mass transfer rate constant was 0.19 min’1 during the treatment of heat 1 and 0.20
min"1 during the treatment of heat 5. The bulk sulfur and aluminum concentrations decreased
linearly at a rate of 0.001 %S per minute and 0.002 %A1 per minute during steel refining of heat
1; whereas these concentrations decreased exponentially at an average rate of 0.003 %S per
minute and 0.005 %A1 per minute during the treatment of heat 5. The FeO content before de-S
was 12.4% in the slag of heat 1 and 3.2% in the slag of heat 5. The A120 3 content of the slag from
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heat 1 increased from 19% to 34% during the first twelve minutes of de-S and the A120 3 content
of the slag from heat 5 was approximately 35% during the entire time of de-S. The basicity (B) of
the liquid slag before de-S was 3.3 for heat 1 and 2.4 for heat 5. The basicity (B) was calculated
according to Equation 7, using the weight percent of liquid slag components based on measured
slag concentrations and FactSage calculations.

Equation 7:

B=

C aO + 1 ,4M gO
S i 0 2 + 0 .6 A l2O 3

AfeOs, FeO (%)

0.080

0.060 _

S, Al (%)

5=

Figure 5a: S and Al concentrations of heats 1 and 5

Figure 5b: A120 3 and FeO concentrations of heats 1
and 5

Sulfur decreased at a slow constant rate during the treatment of heat 1 while it decreased at a fast
exponential rate during the treatment of heat 5. The high FeO concentration during de-S and the
high slag basicity before the de-S caused the low de-S rate during the refining of heat 1 although
it was stirred as strongly as heat 5. A high basicity of the slag decreases the activity coefficient of
the FeO12, slowing the reduction of the FeO by the aluminum. The aluminum decreased slower
during heat 1 as compared to heat 5 although the initial FeO concentration was four times larger.
The aluminum decreased at a fast, exponential rate during refining of heat 5, reducing the FeO
that was produced on the slag/steel interface due to sulfur reduction. The addition of 750 lbs of
bauxite to the slag of heat 1 during the first four minutes of de-S as compared to 250 lbs of
bauxite addition before the Al-kill of heat 1 also hindered the de-S reactions at the slag/steel
interface. The late bauxite addition raised the A120 3 concentration of the slag, increasing the
activity of A120 3, which is a reaction product of de-S. In addition, the bauxite contained 26%
hematite, adding to the FeO of the slag.

90

The FeO content of the slag during de-S influences the rate of de-S. Figure 6 illustrates the de-S
reactions at the slag/steel interface together with the reactions that include the FeO from the slag.
Iron oxides are supplied to the slag/steel interface by the reduction of sulfur13, by the liquid FeO,
by the air14, and by sources that include bauxite, solid oxidized slags, refractory corrosion, and an
oxidized scull on the equipment such as the LMF roof. The existing liquid FeO may originate
from EAF carry-over slag, slag from the previous heat (estimated to be Vi ton), oxidized steel heel
from the previous heat, and iron oxides produced during the cleaning of the porous plug and/or
tap hole. These iron oxides need to be reduced by the deoxidant (in this case Al) for de-S to
proceed.

Figure 6: Illustration of desired de-S reactions and competing reactions within the slag and at the
slag/steel interface

The reduction of sulfur also needs free oxygen anions or a basic slag, requiring the addition of
lime after de-O. Lime additions not only increase the basicity of the slag but they also sustain deS by maintaining or decreasing the concentration of A120 3 or Si02. However, the increase of
basicity causes a decrease of the activity coefficient of FeO12. The decrease of the activity
coefficient of FeO during lime additions makes it increasingly more difficult to reduce the FeO
after the de-S started. In addition, the ratio of Fe3+ and Fe2+ cations in the liquid slag increases
with increasing basicity, sustaining the supply of oxygen from the air, through the slag, to the
slag/steel interface14. Consequently, de-S rates are increased if the FeO is reduced before the
basicity of the slag is raised with lime. This procedure was practiced during the treatment of heat
5 but not during the treatment of heat 1.
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Apparent reaction order
High FeO concentration and basicity before de-S decreased the driving force (C-Ceq) more during
the beginning of de-S than during the end of refining. This decrease resulted in a linear, slow
reduction of the bulk sulfur concentration because the driving force remained effectively constant
during de-S, implying a zero-order de-S reaction with respect to the driving force. However,
Equation lb assumes that de-S is a first-order reaction with respect to the driving force. The
exponents that were calculated with Equation lb were lower than the Metsim calculated mass
transfer rate constants. The “apparent reaction order” (r) was defined as the quotient of the
exponent from the line fit and the mass transfer rate constant (Equation 8). It ranged between 0.18
(heat 1) and 1.00 (heat 5).

Equation 8:

r =

exponent fro m line f i t
k

The bulk sulfur concentration decreased at a fast and exponential rate when the apparent reaction
order was high or when the basicity and the FeO concentration were low before de-S started,
indicating a relationship between the apparent reaction order and the basicity and FeO
concentration. Equation 9a is the result of a line fit between the apparent reaction order of heats 1
to 12 (LMF 1), producing Al-killed steel, and ratio of the inverse exponential of the B-ratio (e'B)
and the %FeO as measured before de-S. Equation 9b shows the result of a similar line fit for heats
13 to 20 (LMF 2), producing Si-deoxidized steel and using spar. The inverse exponential of the
B-ratio (e'B) was used because it is approximately proportional to the activity coefficient of
FeO12. The relationships of Equations 9a and 9b and the corresponding data are shown in Figure
7. The B-ratio, the concentration of FeO as measured before the start of de-S are listed with the
apparent reaction order and mass transfer rate constants in Table V for all 20 heats.

Equation 9a:

Equation 9b:

r Si/CaF2 - 0 . 3 1 +

2.6e~B
%FeO
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ratio [exp(-B)/%FeO] for Al-killed steels (LMF 1)
0.000

0.010

0.020

0.030

□ LMF 2
• LMF 1

Figure 7: Relationships of Equations 9a (LMF 1) and 9b (LMF 2) are illustrated along with the
corresponding data from Table V

The basicity and the concentration of the FeO before de-S are lower for Si-deoxidized steel as
compared to Al-killed steels for the same value of the apparent reaction order. The average Bratio is 1.9 for Si-deoxidized steels (LMF 2) and 2.6 for Al-killed steels (LMF 1) because the slag
of the heats from LMF 2 contained up to 10% spar. Spar (CaF2) is a strong base but it is not a part
of the B-ratio. The average FeO concentration before de-S is 3.1% in Si-deoxidized steels (LMF
2) and 9.0% for Al-killed steels (LMF 1) because the silicon is a weaker deoxidizer than the
aluminum, requiring a lower FeO concentration before de-S can start. The lower affinity of
silicon to oxygen causes the formation of S02 until the partial pressure of oxygen at the slag/steel
interface and the FeO concentration of the slag are decreased. A peak of S02 in the off-gas is
reported to be observed at the beginning of the ladle treatment at LMF 2.

The wide range of the exponents that were obtained from a line fit of the de-S data from Al-killed
steels (LMF 1) in Figure 3 could be explained with the deoxidation strength of aluminum. The
use of aluminum makes it possible to start the de-S at higher FeO concentrations as in Sideoxidized steel when lime is added early. Flowever, lime additions (beyond tap additions) before
the FeO is reduced prolong the necessary time to achieve the final bulk sulfur concentration. The
exponents from the line fit of de-S data from Si-deoxidized steels (LMF 2) in Figure 3
approximately follow the trend line, indicating that a similar low FeO concentration at the
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beginning of de-S is necessary for Si-deoxidized heats. A low basicity of the slag until the FeO is
reduced improves de-S rates as well. The addition of lime and spar approximately five minutes
after the addition of SiMn and FeSi would support rapid FeO reduction.

Table V: B-ratios and %FeO after de-0 but before de-S, apparent reaction order (r), mass transfer
rate constant (k)
LMF 1
Heat
number
B ratio
% FeO
r
k min'1
LMF 2
Heat
number
B ratio
% FeO
r
k min'1

1

2

3

4

5

6

7

8

9

10

11

3.3
12.4
0.18
0.19

2.3
12.0
0.47
0.18

2.5
6.0
0.61
0.18

2.5
7.7
0.61
0.20

2.4
3.2
1.00
0.20

2.9
14.0
0.32
0.17

2.5
10.0
0.45
0.17

2.9
3.2
0.60
0.18

2.3
5.4
0.70
0.20

3.1
12.0
0.34
0.20

2.5
8.0
0.48
0.16

0.52
0.05

13

14

15

16

17

18

19

1.8
3.0
0.52
0.05

1.8
3.9
0.38
0.12

1.5
10.2
0.40
0.08

2.1
0.9
0.68
0.06

2.0
1.2
0.53 - 0.53
0.10 0 0.06

2.0
2.0
0.48 - 0.48
0.12 0 0.07

2.4
0.8
0.68
0.10

0.41
0.11

Decarburization of the steel during argon purging
Heats 13 through 20 were argon purged during the first five to nine minutes of the treatment at
LMF 2, causing a decrease of the carbon concentration that ranged between 0.005 %C (heat 18)
and 0.012 %C (heat 13). The treatment of the steel during this time was argon stirring and arcing
during a maximum of 64% of the purging time. The lime addition during de-C was 120 lbs during
heats 14 and 16 and no lime for the other six heats. FeSi, SiMn and additional fluxes were added
after de-C.
Figure 8 shows that the de-C rate was highest (0.0025 %C /min) when the FeO concentration
increased by 5.0% during the argon purge (heat 13) and lowest (0.0006 %C /min) when the FeO
concentration decreased by 2.0% (heat 18). The change of the FeO concentration was controlled
by the duration of arcing so that the rate of de-C was actually a function (R2 = 0.85) of the
percentage of time that the heat was arced during purging. Long times of arcing reduced the de-C
rate, independently of the argon flow rate.
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2.4
14.6
0.34
0.21
20
n/a
0.65
0.08
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Figure 8: The de-C rate is described as a function of the change of FeO concentration and the
duration of arcing during argon purging

The increase of the FeO concentration of the slag and the decrease of carbon concentration of the
steel were caused by the transfer of oxygen from the air, through the slag, into the steel. The
mechanism was illustrated in Figure 6. The arcing with carbon electrodes reduced the FeO in the
slag and hindered the transfer of oxygen from the air into the slag, inhibiting a carbon boil below
the slag. The carbon boil was sustained when arcing was stopped, indicating that solid sources of
iron oxides (e.g. oxidized solid slag) were not the source of the FeO increase because solids
would have preferable been melted during arcing.

Nitrogen increase and oxygen sources
The average nitrogen increase was 0.25 ppm per minute, independent of argon flow rate. The
removal of nitrogen by the rising argon was slightly lower than the absorption of nitrogen at the
open eye, independent of the duration of arcing. However, the removal of nitrogen during the
carbon boil of heats 13 through 20 was larger than the absorption of nitrogen through the open
eye. The nitrogen remained constant or decreased by a maximum of 5 ppm (heat 17) during the
carbon boil. The nitrogen concentration in the steel did not change when the argon was
temporally turned off during the treatment of heats 17 and 18.
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The air intake was adjusted during the simulation of each heat as dictated by the measured
nitrogen. It was assumed that nitrogen is only absorbed by the steel but not the slag and that the
steel absorbs nitrogen according to the thermodynamical equilibrium if air is in contact with the
steel. The maximum air absorption through the open eye was 17.2 cubic feet of 2900°F air per
minute at an argon flow rate of 63 scfm. The absorption of oxygen through the open eye from this
amount of air equals an equivalent of 7 lbs of Fe20 3 over a maximum stir period of 40 minutes,
assuming that all the oxygen of this air is transferred to the steel. This amount of oxygen is
significantly less than the oxygen that was absorbed by the slag from the air or added to the slag
by other sources.

The measured concentration changes of deoxidants (Al or Si), sulfur, vanadium, manganese,
MnO, and FeO indicated oxidation and required the artificial addition of 53 lbs (heat 5) to 540 lbs
(heat 12) of Fe20 3 to the slag as an oxygen source during each Metsim simulation. On the
average, 90 lbs or two gallons of Fe20 3 were added during simulation of each heat, independently
of the FeO concentration in the slag. This artificial addition represents the iron oxide from
sources including solid slags, refractory corrosion, or miscellaneous sources such as an oxidized
scull from the LMF roof. In addition, an average of 1.4 lbs of Fe20 3 was artificially added per
minute of refining time for each percent of FeO in the slag, indicating the increase of the oxygen
transfer from the atmosphere through the slag to the slag/steel interface with increasing FeO
concentration.

SUMMARY

The process simulation program Metsim and the thermodynamical program FactSage were used
to model and simulate the ladle refining at two different LMF’s, refining Al-killed and Sideoxidized steels. The simulations accurately reproduce measured steel and slag concentrations
during the treatment of twenty heats, determining 26 mass transfer rate constants. The
relationship between the mass transfer rate constant (k) and the argon flow rate, ladle geometry,
ambient pressure, as well as steel temperature is best described with the specific steel transport
rate (Equation 6c).
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The reaction kinetics during ladle refining depend on the bulk transport of the steel to the
slag/steel interface (k) and the thermodynamical equilibrium at the slag/steel the interface.
Desulfurization reactions are slow and nearly zero-order reactions with respect to the driving
force (C-Ceq) if the FeO concentration of the slag is not reduced before the start of de-S and when
the activity coefficient of FeO is low during the deoxidation reactions. Lime additions (beyond
tap additions) before the FeO is reduced prolong the necessary time to achieve the final sulfur
concentration because lime additions raise the basicity of the slag and therefore lower the activity
coefficient of the FeO. Lime needs to be added to start and to sustain de-S. Lime additions raise
the basicity of the slag and decrease or maintain the A120 3 or Si02 concentrations.

The iron oxide content in the ladle before and during refining should be minimized because iron
oxides need to be reduced before de-S can proceed. More oxygen enters the steel from the air
through the slag than through the open eye if the slag contains more than 2 wt% FeO. The
transfer of oxygen from the air through slag to the slag/steel interface is large enough to sustain a
carbon decrease of 0.0025 %C per minute. The average nitrogen increase during argon stirring is
0.25 ppm N per minute.
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ABSTRACT

An attempt to significantly improve meltshop efficiency has led to the development of a new
process to melt, refine, alloy, and cast steel, using a system of interconnected vessels. In the
proposed process, the steel will be continuously melted in a 55-t Consteel EAF and flow through
three refining vessels and a tundish before entering the mold. The reactors and their functions are
described and illustrated. The expected chemistry changes, alloying effects, energy requirements,
and general operating procedures of the process based on process simulation are presented.
Predictions are made about size of the meltshop building, required processing times, possible
production rates, and effects of changing operational conditions. Several corrective actions for
upset conditions and maintenance issues are described, including the procedures for grade
changes.

INTRODUCTION

Steelmakers always search for ways to decrease the cost of steelmaking while increasing
productivity, production rates, and the steel quality. The design of a novel, scrap-based, fully
continuous steelmaking process is an effort to provide steelmakers with a technology that would
allow them to achieve these goals beyond the possibilities of current technologies. The new
steelmaking process was designed to give steelmakers a reliable and flexible tool that is able to
vary the production rate as required by market demands, maintenance, and unscheduled delays.
This document is an introduction of the continuous steelmaking process. More details and
research results about this process will be discussed in subsequent publications. General benefits
of this new process were summarized in a previous publication1. The fluid flow within the
refining vessels of the process is described in a concurrent publication by Zhang et al2.
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OVERVIEW OF PROCESS

The proposed continuous steelmaking process, as shown in Figure 1, is designed to replace a
steelmaking shop that currently uses an Electric Arc Furnace (EAF), a Ladle Metallurgy Furnace
(LMF), and a Continuous Caster (CC). The process is designed to allow for variation of the
production rate as required between 70 t/hr and 170 t/hr, making the process flexible to changing
demands. It is estimated that the process could operate for one week or longer without
interrupting the steel production with an expected weekly maintenance downshift of 8-12 hours.

R educer (cone)

steel mass = 271
m ain fu nctions:

de-O, de-S, alloy,
float inclusions, homogenize

m odified C onsteel EA F

steel mass = 55 t
m ain functions:

Finisher

melt, heat, de-C, de-P

steel mass = 23.51
m ain functions:

alloy, de-S,
float inclusions, homogenize
O xidizer

steel mass = 271
m ain functions:

de-C, de-P, de-O,
float inclusions, homogenize

Tundish

Figure 1: Transparent side view of the fully continuous steelmaking process (right side)
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Steel will continuously flow through five interconnected vessels during the operation of the
continuous steelmaking process. Preheated scrap will be continuously charged and melted in the
first vessel (modified AC Consteel EAF). Melting will be accomplished with electrical and
chemical energy while maintaining a foamy slag and performing preliminary de-C and de-P.
Final de-C and de-P will be achieved in the second vessel (Oxidizer). Near-equilibrium
conditions allow for a partial de-O of the steel in the Oxidizer, depending on the required final
carbon concentration. In the third vessel (Reducer), steel will be continuously de-O, de-S, and
alloyed. The cone-shaped Reducer is designed to increase the kinetics and decrease the final
sulfur concentration while maintaining a high production rate. Steel that has a composition that is
close to the final chemistry will enter the fourth vessel (Finisher). The operations in the Finisher
will include final trimming, additional de-S, inclusion floatation, and homogenization before the
steel will flow into the fifth vessel (Tundish).

The vessels are designed for fast, near-equilibrium reactions to ensure a large degree of control,
productivity, flexibility, and to reduce maintenance with oxidizing conditions in the first two
vessels (EAF, Oxidizer) and reducing conditions in the Reducer and Finisher. A series of two
vessels with similar near-equilibrium conditions allows for optimum refining and for the
minimization of variations in fluid flow (residence time distributions) and composition
(chemistry, inclusion), contributing to the reliability and flexibility of the process. The sequential
refining and the near-equilibrium, steady-state operation of the continuous process allow for
increased refining and reduced alloy and flux consumptions as compared to the current EAFLMF steelmaking route.
The continuous steelmaking meltshop, as sketched in Figure 2, is projected to require less than
one third of the footprint of a conventional meltshop, decreasing capital and operational costs,
man-hours per ton of cast steel, and processing times. A typical scrap-based meltshop that uses a
Consteel EAF is sketched next to the projected continuous steelmaking meltshop in Figure 2,
illustrating the size difference between these two types of meltshops. The continuous steelmaking
meltshop will be smaller than current meltshops because the transport and maintenance of ladles
will be eliminated and because the size and amount of equipment will be reduced.
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Figure 2: Schematics of a representative Consteel meltshop and the projected Continuous
Steelmaking (CS) meltshop

The capacity of the EAF (55 tons) will be less than one-half of the size of a typical EAF that
produces steel at a rate of 170 t/hr. The LMF and all the auxiliary equipment would be replaced
by three small refining vessels, reducing the number of alloy and flux hoppers and eliminating
one transformer and the associated energy. The elimination of ladles, including their transport and
maintenance, results in the reduction of size and number of over-head cranes and their energy
usage as well as the elimination of the space and energy for cleaning, storing, transporting,
relining, and reheating ladles. These changes not only reduce costs and auxiliary energy
consumption but also increase safety because less heavy equipment will be moved during steel
production and overhead transport of hot, liquid steel will be eliminated.

The continuous steelmaking process is compact, using approximately the same amount of space
as a typical turret system at a continuous caster. The size of the continuous steelmaking design as
compared to two 150-ton ladles, sitting in the casting and holding position of a turret, is
illustrated in Figure 3a and 3b. Figure 3a shows that the new design would occupy approximately
one thousand square feet in front of the caster. It is shown in Figure 3b that the top of the EAF
would be approximately 30 feet above the tundish or 15 feet above the top of a ladle, sitting in the
casting position.
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Figure 3a: Top view of the continuous steelmaking design superimposed on drawing of two
ladles, sitting on a typical turret

Figure 3b: Left-side view of the continuous steelmaking design superimposed on drawing of two
ladles, sitting on a typical turret
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DESCRIPTION AND ILLUSTRATIONS OF VESSELS 1 THROUGH 4

Modified Consteel EAF (vessel 1)
Preheated scrap and fluxes will be charged continuously into a modified AC Consteel EAF as
illustrated in Figure 4. Preheating the scrap reduces the size of the vessel by minimizing the
amount of required electrical energy. By charging and tapping continuously, the furnace will run
with 100% power-on and a constant 55-ton liquid heel (full furnace). An AC power supply was
chosen to avoid the maintenance of a bottom electrode, increasing the duration of continuous
campaigns.

The inner diameter of the furnace is 13.8 feet and the fill height is 2.3 feet. The tap hole is 4
inches in diameter, similar to the tap holes in vessels 2 through 4. The EBT bottom is lowered so
that it is level with the lowest point of the furnace. This modification together with the constant
high fill height eliminates the carry-over slag during steady-state operation and it allows for the
complete draining of the EAF into the Oxidizer without tilting the furnace. The flow from the
EAF into the inlet launder of the Oxidizer will be regulated by a slide gate.

Figure 4a: Left-side view of modified Consteel EAF
(vessel 1)

Figure 4b: Transparent right-side view of vessel 1
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Oxidizer (vessel 2)
Additional de-C and de-P will be accomplished in the 27-ton Oxidizer shown in Figure 5,
allowing for high carbon content and iron yield in the EAF and low final carbon and phosphorus
concentration. The steel enters the cylindrical vessels through a 1.3-ft wide by 4.0-ft long inlet
launder that is located off-center to the main vessel, producing a swirl in the steel bath and
minimizing the chance of short circuiting. The Oxidizer has an inside diameter of 4.9 ft and is
designed to operate at a bath depth of 5.4 ft, providing 3.7 ft in freeboard above the bath. The
bath will be stirred by injecting argon through three bottom porous plugs, ensuring constant and
homogeneous stirring even if one porous plug fails. Three porous plugs produce small bubbles,
increasing the gas/steel interface to promote degassing reactions and the floatation of inclusions.
The fluid flow in the Oxidizer is described in detail by Zhang et al2.

Figure 5a: Left-side view of Oxidizer (vessel 2)

Figure 5b: Transparent right-side view of vessel 2

The metal exits the Oxidizer through a 1.3-ft wide by 5.5-ft exit channel, which is designed to
remove steel from the vessel near the bottom to reduce short circuiting and slag carryover without
requiring the height that would be needed with a bottom tap design. If required, the steel can be
removed through a bottom tap hole or by pouring the steel through the inlet channel after the
vessel is removed from its location and tilted by a crane. A door in the outlet channel allows for
periodic renewing of the slag cover in this channel and for access to the tap hole that is equipped
with a slide gate.
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Spent slag will be continuously removed through the inlet launder. The inward stream of steel
within the inlet launder creates an outward flow on the upper surface, continuously transporting
the slag to an overflow and eventually into the slag pot placed below the inlet launder. Off-gases
will be evacuated through a duct in the removable roof that rests on the main vessel. A door
located in the angled part of the roof provides access and a mean of observation during operation.
Fluxes (and alloys if required) are periodically added through the center of the roof.

The wall of the vessel is 16 inches thick, allowing for the placement of 9-inch refractories and 5inch insulating bricks as well as the structural support of a steel shell. Magnesia-graphite
refractory will be used for the slag line and the rest of the vessel will be lined with resin-bounded
magnesia. These materials resist penetration because they have little porosity. Refractory losses
associated with thermal cycling, erosion, and corrosion will be reduced as compared to ladle
treatment because consistent temperature and chemical conditions exist in each refining vessel
and because frequent forceful tapping streams and the cleaning of ladles with oxygen will be
eliminated.

Reducer (vessel 3)
The steel is deoxidized, desulfurized, and alloyed in the 27-ton Reducer illustrated in Figure 6.
The steel enters the vessel in an inlet launder similar to the inlet launder used in the Oxidizer,
which is designed to enhance homogenization of the bath. The conical-shaped vessel is designed
with an upper inner diameter of 6.6 ft, a lower inner diameter of 1.3 ft, and an operating depth of
7.2 ft of steel, providing 3.7 ft of freeboard similar to the Oxidizer. Steel will be stirred with
argon through one porous plug located in the bottom of the vessel. The top area of the steel bath
is 34 ft2, nearly twice the top area of the Oxidizer, which has similar tonnage capacity. The
conical shape increases the fraction of the steel that is highly stirred and the slag/metal interface.
These improvements maximize the energy input to the steel bath, the reaction rates, the sulfur
removal, the homogenization of temperature and chemistry, as well as possible production rates.

In addition, the conical shape allows for concentration differences between subsequent grades
because lowering the fill height during grade change to the level of the outlet tap hole results in
the removal of half of the steel from the Reducer. The exit channels of the Oxidizer and Reducer
are similar except that the emergency bottom tap hole of the Reducer is moved. Other similarities
between the two vessels are the continuous deslagging through the inlet launder, the location of
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the alloy and flux chute, the wall design, and the ability to empty the vessel by tilting. The off-gas
system is designed to provide improved control of the atmosphere within the Reducer by
minimizing air infiltration.

Figure 6a: Left-side view of Reducer (vessel 3)

Figure 6b: Transparent right-side view of vessel 3

Finisher (vessel 4)
Final alloying or trimming as well as additional de-S is performed in the 23.5-ton Finisher
illustrated in Figure 7. The Finisher is similar to the Oxidizer except that the off-gas system is
designed to minimize air entrapment and the steel is tapped through the bottom tap hole. Bottom
tapping allows for complete emptying of the Finisher during grade changes similar to ladles in
current casting operations. However, during normal operations, the steel level remains constant
with continuous argon bubbling at low flow rates, maximizing chemistry and temperature
homogeneity and the cleanliness of the steel. Auxiliary heating of the steel during refining is not
required during normal operation of the continuous steelmaking process. If unexpected delays
require additional heating, it could be done with a non-contact twin plasma torch3 in the Finisher
by inserting the heater through the roof door.
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Figure 7a: Left-side view of Finisher (vessel 4)

Figure 7b: Transparent right-side view of vessel 4

OPERATING PROCEDURES

Steady state operation of the continuous steelmaking process
The new process would make it possible to convert solid scrap to finished continuous cast
product in less than two hours at a production rate of 110 t/hr. The average residence time is 30
minutes in the EAF and approximately 15 minutes in each of the three refining vessels and the
tundish.

The vessels of the continuous steelmaking process are shown with the placement of slag pots and
partly-drawn working platforms in Figure 8. Each of the three slag pots are placed to allow for
collection of the slag from one entry launder and from the exit door of the previous vessel in the
same slag pot. The working platforms are designed to provide access to all doors and the entry
launders so that each vessel can be maintained and operated.
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Figure 8: Left-side view of process, showing slag pots and partly-drawn working platforms

The operation of the EAF requires continuous loading of fluxes and scrap on the conveyor and
the continuous injection of carbon and oxygen to maintain a constant foamy slag with deslagging
out the door. This procedure is not much different from many modem Consteel furnace
operations. Flowever, a major difference in the continuous steelmaking design is continuous
tapping of liquid metal into the Oxidizer instead of periodical tapping into ladles. The operation
of the Consteel EAF in a continuous mode (tapping while melting and refining) was successfully
tested at the Gerdau-Ameristeel plant of Charlotte in North Carolina4.

Steel leaves the EAF and cascades through the three refining vessels before entering the tundish.
The treatment of the steel in each refining vessel will include the periodical addition of fluxes and
alloys (every two to three minutes) as well as the continuous removal of the slag through the
entry launders into slag pots. The slag pots are designed to hold approximately six tons, requiring
replacement every eight hours. The operation of the tundish would be similar to current casting
operations except that there would be no ladle changes and therefore no temperature and level
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fluctuations within the tundish, decreasing turbulence, reoxidation, and improving the cleanliness
of the cast steel. Periodic temperature and chemistry measurements will be made to allow
sufficient time for corrective action. Continuous temperature and chemistry measurement
technologies that are in the process of commercialization5, 6 would optimize control of the
process. In addition, each of the five vessels works as a thermodynamical buffer due to constant
near-equilibrium reactions and the series of reactors provides an opportunity to offset variations
through differentiated refining and alloying in each vessel.

Procedures for grade changes
In preparation for a grade change, alloying will be decreased in the Reducer and increased in the
Finisher, diluting the alloy concentration in the Reducer. At the same time the superheat will be
increased in the EAF to offset heat losses associated with flow interruptions. After the steel
temperature in the EAF and Oxidizer is increased, the flow through these two vessels will be
temporarily stopped, providing a break between grades. Since there will be no steel flowing into
the Reducer, alloying in the Reducer will be completely discontinued as the bath level drops.
Steel will be continued to be alloyed in the Finisher until the level in the Reducer has dropped to
approximately 13 tons. At this point, the Reducer will be closed and the steel in the Finisher
represents the end of the old grade and will be drained similar to the last ladle at a grade change
in traditional casting operations. As the Finisher drains, flow will be reopened from the first two
vessels to the Reducer and a combination of dilution and increased alloying prepares the steel in
the Reducer for the new grade. Once the Finisher is drained, the reopening of the Reducer along
with alloy and flux additions at the rate required for the new grade will refill the Finisher with the
new grade. The Finisher will be reopened after the steel in the tundish is lowered to minimize the
amount of intermix material similar to traditional casting operations. Flow will resume at the
normal steady-state rate after the Finisher is completely filled. If the steel temperature would
decrease below the necessary superheat before steady-state conditions are reestablished, the steel
can be heated in vessels 3 through 5 with a non-contact twin plasma torch3.
In addition, it is possible to make a gradual change between grades. For many downstream
applications, head-to-tail variations in a single slab are an issue, and these variations could be
controlled by spreading out the grade change over several slabs, gradually increasing or
decreasing the alloy additions. This practice could decrease the yield losses over current
practices. Nevertheless, it will remain important to control and schedule grade changes to
minimize the amount of downgraded intermix material.
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Continuous steelmaking has a distinct advantage for companies that cast a variety of grades.
Currently, steelmakers are limited in the product by heat size. For example, a steelmaker
producing 175 ton heats is limited to casting in multiples of 175 tons. If a customer would like
100 tons of a special chemistry, the steelmaker would need to produce 175 tons due to the batch
limitation. A customer ordering 200 tons would require 350 tons of production. There is no
limitation to order size with continuous steelmaking, meaning that 100 tons of steel could be
produced for a 100-ton order, resulting in efficiency, flexibility, and cost savings that are
currently unrealized by batch limitations.

Start up
.Prior to start-up, vessels 2 through 5 will be preheated with natural gas burners. To start-up, a
bucket of scrap will be charged to supply the EAF with a liquid heel before scrap is transported
by conveyor into the EAF. When the steel level in the EAF has reached its nominal height, the
scrap supply is temporarily stopped to superheat the steel so that the other vessels can be filled
without freezing of the steel.

The EAF slide gate will be opened after the steel is superheated in the EAF, filling the Oxidizer.
After the Oxidizer is filled, the steel flow will be stopped until the required steel and slag
chemistry is achieved in the Oxidizer. The Reducer will be filled after the Oxidizer is opened and
started to operate in a continuous mode. The steel flow will be halted again after the Reducer is
filled, repeating the procedure that was practiced during the start-up of the Oxidizer. The same
procedure will be applied to the Finisher. After the Finisher is filled, the filling of the tundish will
start the fully continuous operation of the whole system. If required, the steel temperature could
be adjusted in the tundish, Finisher or Reducer with a non-contact twin plasma torch3 during the
start-up procedure.

Shut down
The shut down of the process will start with the halting of the scrap conveyor, causing the steel
level in the EAF to decrease while the steel continues to flow through the other vessels. After the
EAF is completely drained, the steel level in the Oxidizer will decrease until its exit channel is
empty. An overhead crane will lift and tilt the Oxidizer to completely drain the steel through its
entry launder into the Reducer. The same procedure will be repeated for the Reducer. The
Finisher will be bottom-tapped into the tundish and the tundish into the caster.
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General procedures for break-down of vessels or some of their components and for
maintenance during operation
Sufficient time to repair most typical furnace delays (conveyor repair, electrode additions, apron
cleaning, gunning, etc.) will be available during the operation of the continuous process because
the EAF is designed to always operate with a 55-ton liquid heel and because the EAF can be
completely drained without tilting the furnace. Therefore steel could still be continuously
transferred to the Oxidizer, processed in the refining vessels, and cast without charging any scrap
for up to 30 minutes. During the furnace delay, the steel flow in the downstream vessels could be
decreased to provide more buffer time (up to one hour) for completing the repair. The allowable
variability in the casting speeds depends on the continuous caster. Plugging of strands in a
multiple strand continuous caster provides more flexibility on production rates.

If a problem occurs with one of the refining vessels, the flow rate will be decreased in the other
vessels and the steel flow in the problem vessel can be stopped for up to 15 minutes while the
maintenance is accomplished. For instance, the slag line could be gunned in one of the refining
vessels while the steel level is lowered. If a longer delay is encountered, the problem vessel could
be exchanged with a preheated spare. Each of the refining vessels 2 through 4 and their slag pots
sit on a car that resembles a small ladle car. These units can be moved to the side, making it
possible to change each refining vessel on the fly as it is currently practiced during tundish
changes. The Oxidizer and the Finisher can be moved to the right side and the Reducer to the left
side to be exchanged with their preheated spares. The flow through the upstream vessels would
have to be temporarily stopped during the change of the problem vessel. The replacement of
refining vessels with their spares can also be used to increase campaign durations by performing
maintenance of only one vessel at the time.

FIRST SIMULATION RESULTS

Simulation of steady-state operation
The simulation results and steady-state operation conditions during fully continuous production
of Si-deoxidized steel are summarized in Table I. The simulations were calculated with the
process model program Metsim. The Free Energy Minimizer (FEM) of Metsim was adjusted
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based on thermodynamical calculations, using FactSage. The process models are currently being
verified with industrial data7. Additional results, dynamic simulations, and model details will be
discussed in subsequent publications. For instance, dynamic simulations will provide predictions
about effects of Cu contaminations.

Table I: Example of steady-state operation conditions, flux and alloy additions, and steel and slag
chemistries for producing 110 t/hr
EAF (vessel 1)
electricity

320

oxygen 2000
scrap 120
capacity

55

temperature 2940

additions I b s / t

steel
wt%

high Ca lime

74

slag

liquid

solid

wt%

wt%

kWh/t

C

0.08

dolomitic lime

42

CaO

52

1

scfm
t/hr

Mn

0.20

Ca-Aluminate

-

20

-

P

0.010

bauxite

-

Si0 2
AI2 O3

4

-

t

S

0.050

hematite

-

MgO

5

83

°F

Si

0

SiMn

Ibs/t

Al

0

FeSi

MnO
FeOx

3

200

-

1

total slag

14

13

solid slag

4

wt%

V

0

FeV

-

other

4

-

slag

liquid

solid

wt%

wt%

Oxidizer (vessel 2)

additions I bs / t

steel
wt%

high Ca lime

3.6

capacity

27

t

C

0.04

dolomitic lime

1.0

CaO

52

33

flow rate

109

t/hr

Mn

0.18

Ca-Aluminate

-

11

-

temperature 2885

°F

P

0.003

bauxite

3.0

S i0 2
AI2 O 3

16

-

argon

5

scfm

S

0.050

hematite

4.0

MgO

6

45

k

0.15
13.4

min' 1
Ibs/t

Si
Al

0

SiMn

-

1

0

-

8

21

solid slag

2

wt%

V

0

FeSi
FeV

MnO
FeOx

3

total slag

-

other

4

-

slag

liquid

solid

wt%

wt%
29

Reducer (vessel 3)

additions I b s / t

steel
wt%

high Ca lime

6.0

capacity

27

t

C

0.06

dolomitic lime

2.0

CaO

50

flow rate

110

t/hr

Mn

0.90

Ca-Aluminate

5.0

S i0 2

18

-

temperature 2830

°F

P

0.007

bauxite

-

a i2 o 3

15

argon

5

scfm

S

0.015

hematite

k

0.25

Si

0.26

SiMn

20.4

Al

0.002

FeSi

V

0

FeV

total slag

15.2

min' 1
Ibs/t

solid slag

2

wt%

Finisher (vessel 4)

MgO

7

71

-

-

3.2

MnO
FeOx

-

-

-

other

10

-

slag

liquid

solid

wt%

wt%
12

additions I bs / t

steel
wt%

high Ca lime

1.4

t

C

0.06

dolomitic lime

-

CaO

49

t/hr

Mn

0.90

Ca-Aluminate

2.4

S i0 2

11

-

temperature 2800

°F

P

0.007

bauxite

-

a i2o 3

24

-

argon

scfm

S

0.009

hematite

-

MgO

8

88

-

-

-

-

-

8

-

capacity 23.5
flow rate

110
1

Si

0.25

total slag

4.0

min' 1
Ibs/t

SiMn

Al

0.005

FeSi

-

MnO
FeOx

solid slag

2

wt%

V

0.040

FeV

1.0

other

k

0.06
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The simulation was based on a 110-t/hr production rate. The steel and slag masses and
compositions of each vessel, as listed in Table I, are the result of reactions of the incoming steel
stream with alloys, fluxes, and air. The extent of these reactions and the composition of the steel
and the slag depend on the mass transfer and thermodynamic conditions within each vessel. The
mass transfer rate constant (k) was calculated by using the specific steel transport rate7, which is a
function of argon flow rate, vessel geometry, steel temperature, and pressure. The thermodynamic
conditions in each vessel support fast reactions and the removal of impurities. For instance, the
de-S rate is increased when less iron oxide is supplied to the bath7. Iron oxide sources that include
oxidized carry-over slags, oxidized sculls in ladles, slag from previous heats, and iron oxides
from ladle cleaning would be minimized due to less emptying, cleaning, and refilling of vessels
and because no EAF carry-over slag will enter the Reducer.

The steel temperatures were calculated during the simulation based on the effects of additions,
chemical reactions, and heat losses to the environment. The heat losses correlate to a cooling rate
of 1.5°F per minute in ladles. This value was based on estimations of survey data from ladle
treatment operations in eight meltshops1. The data of recent temperature measurements during
ladle refining will be evaluated to estimate the energy losses to the environment more accurately.
The current simulation results indicate that the steel only needs to be heated in the EAF during
steady-state operations. The steel temperature in the EAF was set to be 2940°F. Steel of this
temperature entered the Oxidizer where it cooled to 2885°F before entering the Reducer, where it
cooled an additional 55°F. The steel that flowed from the Finisher into the tundish had a
temperature of 2800°F. In general, the heating in the EAF is sufficient because of short processing
times, efficient use of fluxes and alloys due to near-equilibrium conditions, and elimination of
tapping into ladles that are below the steady-state temperatures.

Based on modem Consteel operations1, it is estimated that the melting and heating of 120 tons of
scrap per hour in the EAF requires 320 kWh/t electricity and the injection of oxygen at a rate of
2000 scfm. The steel flow from the EAF into the Oxidizer is estimated to be 109 t/hr, assuming a
91% metallic yield in the EAF. The liquid EAF slag has a FeO concentration of 14% and is in
close equilibrium with the carbon content of the steel (0.08%) due to steady-state furnace
operations. The carbon concentration of the steel in the EAF can be increased as compared to the
current EAF-LMF steelmaking route because additional de-C is possible in the Oxidizer.
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The carbon and phosphorus concentrations are decreased in the Oxidizer from 0.08% C to 0.04%
C and from 0.010% P to 0.003% P due to the addition of 4 lbs of hematite per ton of steel. The
concentrations of both elements are increased in the Reducer to 0.06% C and 0.007% P because
the ferroalloys contain carbon and phosphorus. The refining conditions change from oxidizing to
reducing when the steel flows from vessel 2 into vessel 3. The stirring of the steel and the
addition of alloys and fluxes causes the de-S of the steel from 0.050% S to 0.015% S in the
Reducer. Additional de-S from 0.015% S to 0.009% S is achieved in the Finisher. Some
aluminum reversion was calculated during the refining in the Reducer and Finisher.

Steady-state simulations of upset conditions
The simulation of continuous steelmaking operations was modified during five additional runs of
the Metsim model. The final carbon, phosphorus, and sulfur concentrations after these runs are
summarized in Table II. The values of simulation 1 in Table II represent the results that were
discussed in the previous section and they are used as a baseline for the other simulations.

Table II: Final carbon, phosphorus, and sulfur concentrations as calculated during six different
steady-state simulations
Simulation
Difference to
Simulation 1
wt% C
wt% P
wt% S

1

2
Double
Baseline
production rate
0.06
0.07
0.007
0.014
0.009
0.019

3
Triple P
Double S
0.06
0.016
0.018

4
5
6
Failure of porous plug in the Reducer
No actions de-S in Oxidizer t Ar in Finisher
0.06
0.10
0.06
0.007
0.019
0.007
0.018
0.007
0.011

In simulation 2, the production rate (scrap and alloy addition rate) was changed from 110 t/hr to
220 t/hr without changing the amounts of flux additions or the values of the mass transfer rate
constants. The concentrations of carbon, phosphorus, and sulfur increased during simulation 2 as
compared to simulation 1; however, they were within common values after ladle refining of Sideoxidized steel. It is expected that additional simulations will show that a proportional increase
of flux additions and the increase of the argon stirring would make it possible to decrease these
concentrations to values similar to simulation 1. The result of simulation 2 indicates that it is
possible to continuously vary the production rate during the operation of the continuous
steelmaking process.
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The effect of an initial impurity concentration increase in the scrap without detection was
calculated during simulation 3. The phosphorus and sulfur concentrations of the steel that entered
the Oxidizer were increased from 0.010% P to 0.030% P and from 0.050% S to 0.100% S without
changing other operational conditions of simulation 1. The final sulfur and phosphorus
concentration increased; however, they were again within common values after ladle refining of
Si-deoxidized steel. This result indicates that final steel chemistry is still within typical steel
specifications after undetected P and S increases in the scrap. Once the impurity increase is
detected, corrective actions such as an increase in argon flow rate and flux additions could
decrease the final P and S to values similar to simulation 1.

A failure of the porous plug in the Reducer was investigated during simulation 4. It was assumed
that the swirl that is created in the vessel due to the off-center inlet stream2 would still result in a
mass transfer rate constant of 0.05 min"1 (down from 0.25 min"1 during argon stirring). The
simulation was calculated without changing other operational conditions of simulation 1. The
final sulfur concentration increased to 0.018%, which is a common value after ladle refining of
Si-deoxidized steel. This result indicates that a failure of a porous plug would not necessarily lead
to a final steel chemistry that is outside the grade specifications.

Two corrective actions of a porous plug failure in the Reducer were investigated during
simulations 5 and 6. In simulation 5, the operation of the Oxidizer was modified by replacing the
oxidizing slag with a reducing slag and making SiMn and FeSi alloys additions in the Oxidizer.
All other operating conditions were the same as during simulation 4. The final sulfur
concentration of simulation 5 was lower than the final sulfur concentration of simulation 1
because some sulfur was removed from the steel in all three refining vessels. The final carbon and
phosphorus concentrations increased because these elements were not removed in the Oxidizer.
Remarkably, the steel chemistry in the Oxidizer during simulation 5 (0.10% C, 0.019% P, 0.018%
S) was similar to the final steel composition after ladle refining of Si-deoxidized steel. This result
indicates that the steel treatment in only one of the three refining vessels can achieve similar
refining to current ladle treatment.
Simulation 6 was similar to simulation 4 with the exception that the gas flow rate and the flux
additions were increased in the Finisher, raising the mass transfer rate constant in this vessel to
0.15 min"1. This change decreased the final sulfur concentration from 0.018% S (simulation 4) to
0.011% S while the final carbon and phosphorus concentrations were as low as after simulation 1.
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The increase of the argon flow rate in the Finisher has the potential to increase the inclusions in
the final product due to increased turbulence and slag entrapment. Other corrective actions would
also be possible. For instance, the meltshop crew could have chosen to exchange the Reducer on
the fly after the porous plug failed.

SUMMARY

A novel, scrap-based, fully continuous steelmaking process has the potential of increasing safety,
productivity, quality, and capital utilization while lowering the energy consumption and
production cost as compared to traditional EAF-LMF-CC steelmaking. The new process requires
significant less space, decreasing the size of the meltshop building to approximately one third of a
conventional EAF meltshop.

The new process will make it possible to continuously convert scrap to cast product in less than
two hours. The vessels are designed for fast, near-equilibrium reactions to ensure a large degree
of control, productivity, flexibility, and to reduce maintenance. The new process has the potential
to increase refining and decrease alloy and flux consumptions as compared to current operations
and to minimize of variations in fluid flow and composition, ensuring a reliable operation. The
production rate can be widely varied (between 70 t/hr and 170 t/hr for this particular design)
during continuous operation, giving steelmakers a flexible tool that is able to respond to market
demands, maintenance requirements, and unscheduled delays.

Simulations predict that the process can produce quality steel even during unexpected upset
conditions in the production. The sudden increase of impurities during melting or a failure of part
of the equipment does not necessary lead to a final steel chemistry outside of the grade
specifications. The design of the process makes it possible to change grades without increasing
the amount of down-graded transition steel when compared to current practices. In addition,
continuous steelmaking has the advantage of only producing exactly the order amount of steel,
decreasing yield losses associated with current full heat lots.
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ABSTRACT

A new continuous steelmaking process has been designed in an effort to reduce meltshop costs
and increase productivity beyond the possibilities of current EAF-LMF-CC meltshops. This paper
discusses possible operational performance based on industrially-verified kinetic, thermodynamic,
and heat-transfer models. Dynamic simulations predict variations in steel chemistry and
temperature, resulting from steel treatment and upsets. Savings in costs are projected because of
increased metallic yield, lower energy requirements, more efficient use of deoxidants and alloys,
fewer man-hours per ton, and decreased capital investment.

INTRODUCTION

Chemical and thermal performances of a new continuous steelmaking process are investigated in
this paper. The proposed process was introduced in a previous publication1, including the design
and functions of each reactor and several steady-state simulations. The calculated simulations and
predictions of the previous publication and of this document are based on models that were
verified with industrial data2.

The change over time of steel chemistry and temperature during continuous operation with
varying parameters will be explained with the help of specific examples. These examples include:
•

an abrupt sulfur increase and the associated corrective action to maintain the required final
sulfur concentration,

•

a grade change, decreasing the manganese concentration by one half without increasing the
amount of intermix material as compared to current operations,

•

a heat loss study to predict the required steel temperature in the Electric Arc Furnace (EAF)
for production (flow) rates that range between 30 t/hr and 200 t/hr,

•

a simulation of the heat losses and the required steel temperatures during start-up operation,

•

and a comparison of these heat losses to heat losses during current operations, producing 165
t/hr with three 124-ton ladles using a Ladle Metallurgy Furnace (LMF).

This paper concludes with an estimation of the potential savings by operating the new continuous
process as compared to current EAF-LMF steelmaking practices.
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Process overview
Figure 1 shows the five interconnected vessels of the new process. Steel will continuously flow
through this system while it is being treated. Preheated scrap will be continuously charged and
melted in the first vessel (modified AC Consteel® EAF). Melting will be accomplished with
electrical and chemical energy while maintaining a foamy slag and performing preliminary de-C
and de-P. Additional de-C and de-P will be achieved in the second vessel (Oxidizer). Near
equilibrium conditions allow for a partial de-O of the steel in the Oxidizer, depending on the
required final carbon concentration. In the third vessel (Reducer), steel will be continuously de-O,
de-S, and alloyed. The cone-shaped Reducer is designed to achieve high mass transfer rates and
therefore a low final sulfur concentration while maintaining high production rates. The operations
in the fourth vessel (Finisher) will include additional de-S and alloy additions, inclusion floatation,
and homogenization before the steel will flow into the fifth vessel (Tundish).

R educer (cone)
steel m ass = 2 7 1
m ain functions:
de-O , de-S, alloy,
float inclusions, hom ogenize

m odified Consteel® EA F
steel m ass = 55 t
m ain functions:
melt, heat, de-C, de-P

Finisher
steel m ass = 2 3 .5 1
m ain functions:
alloy, de-S,
float inclusions, hom ogenize

O xidizer
steel m ass = 2 7 1
m ain functions:
de-C, de-P, de-O,
float inclusions, hom ogenize

Figure 1: Side view of the vessels of the continuous steelmaking process

Tundish
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PREDICTION OF OPERATIONAL PERFORMANCE

Dynamic Metsim model for steel treatment in continuous refining vessels
The effects of increasing the sulfur concentration and changing grades were simulated; using a
computer model constructed with Metsim, a commercial software package capable of performing
dynamic simulations of a multitude of processes. The model was designed to simulate the
successive refining in the three continuous refining vessels (Oxidizer, Reducer, and Finisher)
similar to the model that was developed for ladle treatment2. The model of each continuous
refiner was modified to allow steel to continuously flow through the simulated system of
interconnected vessels.

The production (flow) rate, the EAF steel compositions, the feeding rates and types of fluxes and
alloys, as well as the argon flow rates are inputs to the model. The steel and slag composition in
each refining vessel (Oxidizer, Reducer, and Finisher) and the slag amount as a function of time
are the calculated results of the simulations. The steel and slag compositions that exit each vessel
have the same composition as the steel and the slag that are in the vessel. It is assumed that each
vessel closely resembles a near-equilibrium Completely Stirred Tank Reactor (CSTR) based on
fluid flow simulations3 that were verified with industrial data4.

The simulation of each refining vessel requires a value of the mass transfer rate constant. This
value represents the fraction of the steel that reacts with the slag during a specific period. The
concentrations of steel components change during refining according to Equation 1 (first-order
rate equation) if the equilibrium concentrations at the slag/steel interface stay constant. However,
thermodynamic conditions change over time during actual operation. Therefore, the equilibrium
concentration of each steel component is assumed to be constant for only 10 seconds (one time
step) during the Metsim computations. In addition, the design of the Metsim model, as illustrated
in Figure 2, ensures that all steel and slag components are influenced by the mass transfer rate
constant during the simulations. Equation 1 is only written for one steel component.

(1)
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Explanation o f symbols in Equation 1:
C = instantaneous concentration of one steel component
Cequ = equilibrium concentration of steel components at the slag-steel interface
d = differential operator
k = mass transfer rate constant
t = time

Figure 2: Illustration of Metsim model used for simulation of steel treatment in each of the three
continuous refining vessels

Figure 2 shows the Metsim model of one continuous reactor. Free Energy Minimizer (FEM),
mixer, and splitter modules as well as streams were used to create three identical continuous
Metsim models, one for each of the three continuous refining vessels. Streams allow for material
flow among the modules of one refining vessel and for the flow of steel between the three
connected Metsim models that represent the Oxidizer, Reducer, and Finisher.

124

The slag/steel reactions were calculated with the Interface FEM and the reaction within the steel
were calculated with the Bulk FEM. The pressures in these FEM’s were set at 1.0 atm and 1.3
atm respectively. The chosen values of activity coefficients of elements and compounds are based
on verified Metsim simulations of steel treatment in 125-ton and 150-ton ladles2. The simulations
were verified with industrial data and included thermodynamical calculations with FactSage.

Steel from the previous vessel mixes and reacts with the steel of the current vessel in the Bulk
FEM. The wide, solid streams 1 and 2 in Figure 2 represent the bulk flow of the steel that does
not react with the slag during one calculation. The width of these streams indicates that the
majority of the steel does not react with the slag during each calculation. The flow rate of stream
1 is the quotient of the steel mass in the vessel and the time step (10 sec). The flow rate of
returning stream 2 is the flow rate of stream 1 reduced by the flow rate of the kinetic stream 3 and
the steel that flows to the next vessel. Steel is transported to the Interface FEM by the kinetic
stream 3 while it returns to the Bulk FEM through stream 4.

The flow rate of the kinetic stream 3 is the product of the steel mass in the vessel and the mass
transfer rate constant. The value of the mass transfer rate constant is paramount for the chemical
performance of each continuous refining vessel. For that reason, current industrial steel-treatment
operations were studied in detail2 to correlate the value of the mass transfer rate constant to
measurable operational parameters. The result of this study2 is summarized with Equation 2,
which was used to determine the mass transfer rate constants for the simulations of the
continuous refining vessels. The value of the proportionality constant in Equation 2 was corrected
from 0.08 (previous publication2) to 0.073 after a reevaluation of the data. The mass transfer rate
constant depends on the argon flow rate, the shape and size of the reactor, as well as on the
prevailing pressure and temperature.

(2 )
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Explanation o f symbols in Equation 2:
Atop = nominal top area of steel slag interface m2
h = steel height in m
k = mass transfer rate constant in min"1
m = Steel mass in metric tons
N = number of porous plugs
P0 = ambient pressure above the bath in atm
Q = argon flow rate in Nm3/min
T = steel temperature in kelvin

Streams that carry oxides or other non-metallic components are represented by double lines in
Figure 2. Stream 5 allows inclusions to travel from the Bulk FEM to the Interface FEM. Fluxes
are supplied to the Interface FEM by stream 6. Stream 7 represents the resulting slag that
continuously flows out each vessel. Alloys are entered into the Bulk FEM. Dashed lines in Figure
2 represent gas streams. Argon enters the Bulk FEM and the product gas of the Bulk FEM is
mixed with entrained air. The resulting gas mixture reacts in the Interface FEM and leaves the
system as offgas.

Steady-state operational parameters and performance
Current steel treatment in the ladle is most efficient if standardized operations are practiced,
ensuring that the aim chemistry is consistently met at the end of the ladle treatment. Steel
treatment during the continuous operations of the new process would ensure that the chemistry in
the Finisher is consistently at the final aim chemistry. The steel compositions of the other
continuous reactors are also at their required aim compositions. The calculated changes during
dynamic simulations of upsets in the continuous reactors over time will be explained in respect to
the conditions, parameters, and results of a 165 t/hr steady-state production.

The calculated steady-state concentrations of major steel components (C, Mn, P, S, Si) in the
EAF, Oxidizer, Reducer, and Finisher as well as the steel temperatures, amount and type of alloy
additions, argon flow rates, and the EAF energy requirements are summarized in Figure 3. The
electricity and oxygen consumptions are based on current Consteel® operations5. The steel
temperatures are based on thermal calculations explained later in this paper. The argon flows
relate to the mass transfer rate constants according to Equation 2. The EAF carbon concentration
of 0.08% corresponds to 14% FeO in the slag due to constant near-equilibrium conditions in the
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furnace. It is believed that the metallic yield in the EAF could be maintained at 95%. The
relatively high EAF carbon concentration would be decreased to 0.05% in the Oxidizer due to
hematite and bauxite additions. The carbon increase in the Reducer is caused by the carbon in the
SiMn alloy. The EAF phosphorus concentration is expected to be 0.010%. It would decrease in
the Oxidizer to 0.004% before additional phosphorus would be added in the Reducer with the
SiMn. Most of the sulfur would be removed in the Reducer, achieving a reduction from 0.050%
to 0.015%. Additional de-S in the Finisher would result into a final sulfur concentration of
0.008%. SiMn and FeSi are added in the Reducer, ensuring a final composition of 0.90% Mn and
0.25% Si. Other alloys such as FeV could be added in the Reducer or, as listed in Figure 3, in the
Finisher. The compositions of the alloys and fluxes used during the steady-state and dynamic
simulations are listed in Table I.
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Figure 3: Metsim-calculated steady-state steel chemistry (C, Mn, P, S, Si) and operation
conditions (temperature, argon flow rate, energy) at steady production (flow) rate of 165 t/hr in
the continuous steelmaking reactors (EAF, Oxidizer, Reducer, Finisher)
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Table I: Major components of alloys and fluxes that were used to simulate the performance of the
continuous steelmaking process
wt%
HC-FeMn
MC-FeMn
SiMn
FeSi

All oys
C
Mn
7
77
1.3
81
1.8
71
0.1
0.3

P
0.3
0.2
0.4
0.02

Si
1
1
18
75

wt%
Time
Dolomitic lime
Cal.-aluminate
Bauxite
Hematite

CaO
96
59.5
30
2
-

Fluxes
Si02 a i 2o 3 MgO
1.2
1
1.5
0.5
0.2
39.5
7
42
20
7
60
1
6
2
-

Fe20 3
0.3
0.3
1
30
92

Steady-state compositions and amounts of the slags in the EAF, Oxidizer, Reducer, and Finisher
together with the flux additions that correspond to the steel chemistries of Figure 3 are elucidated
in Figures 4 through 6. These figures contain phase diagrams that were calculated with FactSage
at the displayed temperatures and compared to published phase diagrams that are based on
measurements, finding good agreement. The phase “slag” in these phase diagrams refers to
compositions at which the entire slag is liquid. Fines indicate saturations limits or liquidus lines
of the listed solids. The name of the solid (e.g. MgO) refers to a solid solution in which the named
compound predominates. If several lines are between the liquid slag and the composition of
interest, then all the solid solutions associated with these lines are present. The phase diagrams
are labeled up to 100%; however, 100% corresponds to total concentration of the three
compounds that are listed on the comers of each phase diagram. The total concentrations of these
three compounds are listed in the captions in each figure and range between 78% and 83% of the
actual slag composition. The concentrations of the components that are constant at all points in
the phase diagram can be obtained from the lists next to the phase diagrams.

The composition of the EAF slag is listed and marked in the Ca0-Si02-Al20 3-Mg0-Mn0-Fe0-P
septenary phase diagram in Figure 4. The slag contains 4 wt% solid magnesiowiistite to promote
a stable foamy slag and to minimize slag line corrosion. A V-ratio [Ca0/(Si02+Al20 3)] of 1.6
corresponds to a liquidus magnesiowiistite line that is nearly perpendicular to the CaO-Si02 axis
and points to the FeO comer. As a result, the steady-state, near-equilibrium FeO concentration of
the slag can be varied based on the C 0/C 02 ratio in the furnace while the required amount of
solid particles is maintained, making it possible to maintain a high yield.
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Figure 4: The EAF slag is mapped on a Ca0-Si02Al20 3-Mg0-Mn0-Fe0-P septenary phase diagram at
3002°F. (Steel temperature is 2908°F.) The sum of
CaO, S i02 and FeO is 78% of the total slag. The
displayed composition refers to marked, red point.
Amounts of slag additives and slag amount are listed.
The steel production (flow) rate is 164 t/hr.
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Figure 5: The Oxidizer slag is mapped on a CaOSi02-Al20 3-Mg0-Mn0-Fe0-P septenary phase
diagram at 2865°F. The sum of CaO, AI20 3 and
FeO is 78% of the total slag. The displayed
composition refers to marked, red point. Amounts of
slag additives and slag amount are listed. The steel
production (flow) rate is 164 t/hr.
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Figure 6: The Reducer and Finisher slags are
mapped on a Ca0-Si02-Al20 3-Mg0-S quinary phase
diagram at 2836°F. The sum of CaO, S i02 and A120 3
is 83.3% of the total slag. The displayed compositions
refer to marked points. Amounts of slag additives and
slag amounts are listed for both slags. The average
sulfur concentration is 4.6%. The MgO averages
12.1%. The steel production (flow) rate is 165 t/hr.

Figure 7: A typical white slag at the end of a
common ladle treatment is mapped on a Ca0-Si02Al20 3-Mg0-S quinary phase diagram at 2885°F. The
sum of CaO, S i0 2 and A120 3 is 91% of the total
slag. The displayed composition refers to marked,
blue point. The sulfur concentration of the slag is
3%.
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The Ca0-Si02-Al20 3-Mg0-Mn0-Fe0-P septenary phase diagram in Figure 4 compares well to a
plane that cuts through the three-dimensional quaternary Ca0-Fe0-Mg0-Si02 phase diagram at
12% MgO in Figure 147 in the Slag Atlas6. The phase diagram in Figure 4 could also be
compared to the quaternary CaO-MgO-Si02-FeO phase diagrams published by Turkdogan7. The
effect of MnO on the CaO-Si02-FeO system is reported in the same publication7.

The composition of the Oxidizer slag is listed and marked in the Ca0-Si02-Al20 3-Mg0-Mn0FeO-P septenary phase diagram in Figure 5. The slag is saturated with 2 wt% solids, containing
mainly MgO to minimize slag line corrosion. The high A120 3 concentrations (22%) and low Si02
concentration (5%) as compared to the furnace slag increases the activity coefficient of the FeO.
The slag composition of the Oxidizer, the constant, near-equilibrium conditions, and the argon
stirring through three porous plugs allow for the calculated decrease of the carbon and
phosphorus concentrations beyond the refining in the EAF. This procedure makes high carbon
concentration and metallic yield in the EAF possible in addition to a low phosphorus
concentration in the final product. The septenary phase diagram in Figure 5 compares well to the
ternary Ca0-Al20 3-Fe30 4 phase diagrams in Figure 5094 in Phase Diagrams for Ceramists8.

The compositions of the Reducer and Finisher slags are listed and marked in the CaO-Si02Al20 3-Mg0-S quinary phase diagram in Figure 6. The slags are saturated with 2 wt% solids,
containing mainly MgO to minimize slag line corrosion. There is more slag produced in the
Reducer (15.5 lbs/t) than in the Finisher (4.0 lbs/t) because more fluxes need to be added in the
Reducer due to greater production of Si02 and due to greater transfer of sulfur from the steel into
the slag in the Reducer as compared to the Finisher. The Si02 concentration is higher in the
Reducer slag than in the Finisher slag because the steel is deoxidized with silicon in the Reducer.
The slag sulfur concentrations, sulfide capacities, and sulfur distribution ratios in the Reducer and
Finisher are 4.3% and 3.1%, 0.022 and 0.015, 290 and 414 respectively. The values are higher in
these slags as compared to typical ladle slags. Peter et al.5 reported that these values could be
increased for current ladle slags if ladle slags would be MgO-saturated and/or if the EAF carry
over slag would be decreased. The design of the new process makes it possible to minimize the
amount of oxidized slag entering the Reducer and to minimize air entrainment1. In addition,
constant low FeO concentrations (-0.02%) in the Reducer and Finisher slags minimize the
transfer of oxygen from the atmosphere above the bath through the slag to the slag/steel interface.
This oxygen source increases with increasing FeO concentration and it can be larger than the
uptake of oxygen through the open eye2.
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The composition of a typical white slag at the end of a common ladle treatment is listed and
marked in the CaO-Si02-Al20 3-MgO-S quinary phase diagram in Figure 7 for comparison. Most
ladle slags are typically CaO but not MgO saturated. The masses of current ladle slag commonly
range between 35 and 45 lbs/t5 while the sum of the slag masses from Oxidizer, Reducer, and
Finisher is 31 lbs/t.

The quinary phase diagram in Figure 7 resembles closely the quaternary phase diagram (CaOSi02-Al20 3 with constant 5%MgO) in Figure 126 in the Slag Atlas6 while the quinary phase
diagram in Figure 6 resembles closely the quaternary phase diagrams (Ca0-Si02-Al20 3 with
constant 10% or 15%MgO) in Figures 127 and 128 in the Slag Atlas6. The sulfur concentration in
the phase diagram in Figure 6 is higher (4.6%) than the sulfur concentration in the Reducer or
Finisher at steady-state operation (4.3% and 3.1%) because it is an average that includes the
sulfur concentrations in the slags with increased sulfur content (6.0% and 5.0%).

Simulations of a sulfur increase from 0.050% to 0.080% in the feed material
The performance of the process under changing conditions was simulated using an abrupt sulfur
increase as an example. Figure 8 illustrates the calculated changes in sulfur concentrations in the
steel of the EAF, Oxidizer, Reducer, and Finisher during a constant 165 t/hr production. The
steady-state sulfur concentrations are plotted during the first 5 minutes. Hypothetical steel
samples from the EAF and the Finisher were taken at the fifth minute, indicating to the operator
that no changes occurred. However, at the same time the sulfur of the hypothetical incoming
scrap increased from 0.050% to 0.080% or alternatively the sulfur content of the injected coal
increased, causing the same effect. (A survey of eleven EAF operations showed that the EAF
sulfur is only above 0.050% when high sulfur coal is used5.) The sulfur increase was not detected
for the next 30 minutes. The next hypothetical steel samples were taken at the 35th minute. The
necessary analysis of the hypothetical samples delayed the start of corrective actions another 10
minutes until 40 minutes after the start of the abrupt sulfur increase (45th minute in Figure 8).

The sulfur increase is slow in all four reactors after the sulfur in the feed material significantly
increased because the steel and slag in each continuous reactor are at the required, near
equilibrium compositions. The slowest increase occurs in the Reducer and Finisher because the
steel was at the required chemistry before the upset, requiring time to be changed, and the sulfur
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is transferred from the steel into the slag at an increasing rate due to the slags’ ability to hold a
higher sulfur concentration than during initial steady-state operations. There is practically no
increase in the sulfur concentration of the steel in the Finisher for the first 12 minutes after the
increase of sulfur in the feed material. This time span exemplifies that continuous chemistry
measurements (or more frequent sampling) would provide sufficient time to correct for upsets

S (wt%)

S (wt%)

before any changes occur in the final steel that leaves the Finisher.

Figure 8: Simulation of an abrupt sulfur increase in the feed material and the resulting sulfur
concentrations of the steel in EAF, Oxidizer, Reducer, and Finisher are illustrated, including the
effects of corrective actions on the steel chemistry
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The Metsim simulation demonstrated that the sulfur concentration in the Finisher would increase
from 0.008% to 0.012% if no corrective actions were taken until 40 minutes after the abrupt
sulfur increase in the feed material. At this time different corrective actions were simulated in an
attempt to return to the initial 0.008% sulfur concentration of the steel in the Finisher. The sulfur
concentration lines for the Reducer and Finisher in Figure 8 correspond to four different scenarios
after the 45th minute:

1. The first set of lines or the lines with the highest sulfur concentrations show the simulations
results if no corrective actions would be taken. The sulfur concentration of the steel in the
Finisher would continue to increase until it reaches 0.014%.

2. The second set of lines with the second highest sulfur concentrations show the simulation
results of a 50% increase in the flux feeding rates in the Reducer and Finisher as compared to
the steady-state feeding rates reported in Figure 6. The sulfur concentration of the steel in the
Finisher decreases only to 0.011%. This result is partly caused by the continued increase of
the sulfur concentration of the steel that enters the Reducer.

3. The third set of lines with the third highest sulfur concentrations show the calculated results
of a 150% increase in the flux feeding rates in the Reducer and Finisher as compared to the
steady-state feeding rates reported in Figure 6. This simulation investigated the possibility of
removing more sulfur from the steel by diluting the sulfur concentration in the slag. The large
and costly increase of the flux feeding rates had only a small effect on the steel sulfur
concentrations. The sulfur concentration of the steel in the Finisher decreased only an
additional 0.002% to 0.009% as compared to the second scenario in which the increase of the
flux feeding rates was significant smaller. This result indicates that the mass transfer and
therefore the argon flow rates needed to be increased in order to return to the initial sulfur
concentration in the Finisher.
4. The fourth sets of lines are bolded and show the lowest sulfur concentrations. These lines
show the simulation results of a 50% increase in the flux feeding rates combined with a
doubling of the argon flow rates. The argon flow rates were increased from 17 scfm to 34
scfm in the Reducer and from 7 scfm to 14 scfm in the Finisher. Under these conditions, the
sulfur of the steel in the Finisher returned to 0.008% within 7 minutes while the sulfur
concentration of the steel that entered the Reducer continued to increase.
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The sulfur conversion of the combined refining in the Reducer and Finisher increased from 84%
during the initial steady-state operation to 90% after the return to 0.008% sulfur in the Finisher.
These high conversion values indicate that the system of continuous reactors approaches its limits
of effectiveness by removing 0.072% sulfur while maintaining a production rate of 165 t/hr. A
further conversion increase would require the decrease in production rate. On the other hand, the
overall sulfur conversion was still at 82% during the simulation with no corrective actions,
removing 0.066% sulfur as compared to 0.042% during the initial steady state period.

The slags of the Reducer and Finisher were close to CaS-saturation after the sulfur increased but
before the flux feeding rates were increased, showing the ability to hold a higher sulfur
concentration than during steady-state operations. The sulfur concentrations of the slags increased
from 4.3% to 6.0% in the Reducer and from 3.1% to 5.0% in the Finisher while steady-state flux
feeding rates were maintained. The slag compositions returned to their initial, steady-state sulfur
concentrations after the flux feeding rates were increased by 50%. The Ca0-Si02-Al20 3-Mg0-S
quinary phase diagrams in Figures 9 and 10 were calculated with FactSage to illustrate these
sulfur concentration changes in the Reducer and Finisher slags respectively.

The gas phase (S, S2, SO, S02) represents a large part of the sulfur-rich region in these phase
diagrams. Sulfur was chosen as one input component because FactSage was not able to calculate
a phase diagram that uses CaO and CaS simultaneously as input components. However, the
regions of the phase diagrams in Figure 9 and 10 with low sulfur concentrations compare well to
the Al20 3-Ca0-CaS phase diagram in Figure 53 in the Slag Atlas6. It contains a similar straight
CaS-saturation line that parallels the Ca0-Al20 3 axis at comparable sulfur concentrations.
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Figure 9: An increasing sulfur content of the
Reducer slag is mapped on a Ca0-Si02-Al20 3MgO-S quinary phase diagram at 2836°F. The sum
of CaO, A120 3 and sulfides is 72% of the total slag.
The sulfur content of the slag increases from 4.3 %
to 7.0%. The steel production (flow) rate is 165 t/hr.
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Figure 10: An increasing sulfur content of the
Finisher slag is mapped on a Ca0-Si02-Al20 3MgO-S quinary phase diagram at 2822°F. The sum
of CaO, A120 3 and sulfides is 78% of the total slag.
The sulfur content of the slag increases from 3.1% to
5.0%. The steel production (flow) rate is 165 t/hr.

Simulation of a grade change decreasing manganese from 0.90% to 0.45%
The Metsim calculations of a grade change predicted that the concentrations of steel components
can be changed during the operation of the continuous process without changing current tundish
practices and amounts of intermix material. The grade change example involved the simulated
decrease of the manganese concentration from 0.90% to 0.45% while keeping all other steel
components constant. The simulation included a steady caster production of 165 t/hr.

In general, the grade change involves one closing and opening of each vessel (except the tundish)
and the appropriate adjustments of alloys, fluxes, and scrap feeding rates. Details of the grade
change are explained with four steps in Figure 11 and Table II. These steps are called “Alloy
alteration”, “Batch operation”, “Finisher Refill”, and “Steady state return”. The changes of the
Mn, C, and S in the steel of the Reducer and Finisher during the grade change are plotted in
Figure 11. The operational changes as compared to the steady-state operation are summarized in
Table II. The carbon concentration in the Reducer varied because the manganese alloys contain
carbon (Table I). Varying residence times of the steel in the Reducer caused temporarily changes
of sulfur concentrations.

Mn (wt%)

C and S (wt%)

135

Figure 11: Calculated Mn, C, and S concentration changes in the steel of the Reducer and
Finisher during a grade change are graphed.

The first 5 minutes in Figure 11 show the Mn, C, and S in the steel of the Reducer and Finisher at
steady-state concentrations. During the next 8 minutes, the “Alloy alteration” step, the alloy
additions and consequently steel concentrations were changed in the Reducer and Finisher. The
SiMn addition was replaced with an increased FeSi addition in the Reducer, causing a decrease of
the Mn as well as C and P concentrations in the steel since these three elements are components
of the SiMn alloy (Table I). The increase in FeSi addition was required to maintain a consistent
silicon concentration at all times. During the same “Alloy alteration” step, MC-FeMn and HCFeMn were added in the Finisher to maintain the chemistry of the current grade.
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Table II: The deviations of steel treatment and composition as compared to steady-state operation
are summarized for a grade change that reduces the Mn concentration from a minimum of 0.90%
to a maximum of 0.45%
Step
Duration

Alloy alteration*
8 min

Batch operation
8 min
4. Close slide gate
5. Slow scrap conveyer
• Steel temperature and
mass increase

Finisher refill
Steady state return
5 min
15 min
14. Open slide gate
24. Return stepwise
15. Flow steel at 265 t/hr
to 165 t/hr flow
none
EAF
16. Increase scrap rate
25. Adjust steel level
and temperature
• Temp. & mass decrease
17. Open slide gate
6. Close slide gate
18. Resume flux feeding rates • C decreases
none
Oxidizer
7. Stop flux feeding
• C increases
1. Stop SiMn
8. Close slide gate
19. Open slide gate
addition
9. Decrease flux feeding 20. Resume flux feeding rates
rates to 1/3
2. Increase FeSi to
21. Start new alloys:
26. Adjust time rate
10.
Add
a
total
of
3.4
lbs
8.1
lbs/t
3.7
lbs/t
SiMn,
of alloy additions
Reducer
FeSi & 5.4 lbs carbon
7.1 lbs/t FeSi,
to steel flow
• Mn decreases to
3.8 lbs/t HC-FeMn
• C increases
new level
• S increases
• S decreases
• C & P decrease
22. Close slide gate
3. Add 6.0 lbs/t
11. Stop alloy additions
23. Resume flux feeding rates 27. Open slide gate
MC-FeMn & 0.8
and flux feeding
28. Adjust time rate
• Mn is at new level
lbs/t HC-FeMn
12. Remove most slag
Finisher
of alloy additions
13. Drain steel (possibly
• P & S are below spec.
• Unchanged steel
to steel flow
faster than 165 t/hr)
composition
• S increases
• Refill
none
• Level lowers
• Could increase level
Tundish
* The step “Alloy alteration” is not necessary if all alloys that are added in the Reducer need to be
increased or stay unchanged.
The increase followed by a decrease of manganese and carbon concentration in the Finisher
during the “Alloy alteration” step originated from a constant alloy addition rate of 6.0 lbs/t MC
FeMn & 0.8 lbs/t HC FeMn during this period. Initially, the alloy concentrations increased by
0.01% Mn and 0.001% C because the incoming steel still contained large amounts of Mn and C.
Both concentrations decrease to their original value as these components are diluted in the
Reducer, changing the composition of the steel that entered the Finisher. Carbon is not adjusted in
the Reducer during “Alloy alteration” because it is less costly to use high-carbon FeMn in the
Finisher and because the carbon recovery with ferroalloys is more predictable.

The “Alloy alteration” step is not necessary if all alloys that are added in the Reducer need to be
increased or stay unchanged. It does not matter if the alloy concentrations in the Finisher need to
be increased or decreased (e.g. V or Nb) because the old grade will be drained before the Finisher
will be refilled with the new grade.
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During the “Batch operation” step, the flow from the EAF, Oxidizer, and Reducer are stopped
and alloy additions and flux feeding are discontinued in the Oxidizer and Finisher. The stopping
of the flow from the EAF also requires the slowing of the scrap conveyer. It is believed that the
conveyer should continue to supply scrap to the furnace (at a slower rate) and the furnace steel
mass and temperature should be increased during “Batch operation”. This practice would allow
an increased flow and scrap feeding rate during “Finisher refill”. However, the EAF temperature
increase, steel level, and the feasible scrap feeding rates would be best determined by the
operators during actual operation.

The flux addition rates in the Reducer during “Batch operation” are decreased to one third of the
initial steady-state addition rates to ensure a sufficient Si02 concentration in the slag, keeping the
slag composition and the percentage of solid slag constant. Less Si02 is produced during this step
than during steady-state operation because no oxygen-rich steel entered the Reducer. A one time
addition of 3.4 lbs FeSi and 5.4 lbs carbon in the Reducer are necessary during “Batch operation”.
The silicon reduces the FeO that is generated during continued de-S of the steel due to continued
flux addition and argon stirring. The carbon addition increases the carbon concentration to the
required level.

The removal of most of the slag in the Finisher before draining and a continued (but possible
decreased) argon flow rate would minimize the amount of entrapped slag as the Finisher is
emptied. However, some slag cover needs to be maintained to protect the steel. The tundish mass
could be increased by increasing the steel flow from the Finisher during “Batch operation”,
allowing a quicker return to the steady-state level at the end of the grade change.

The flow was discontinued from the Finisher once it was nearly empty, starting the “Finisher
refill” step. The flow from the EAF, Oxidizer, and Reducer and the initial steady-state flux
feeding rates in all reactors were resumed during the refilling of the Finisher. However, the steel
flow through the first 3 vessels was increased to 265 t/hr to provide a full Finisher of the new
grade within 5 minutes. A five-minute flow interruption for a grade change is similar to the time
many companies would take to make ladle (or grade) changes at the continuous caster. The new
grade contains the required lower manganese concentration and a lower phosphorus concentration.
The phosphorus decreased from 0.008% to 0.006% because the alloy additions for the new grade,
as listed in Table II, contained less phosphorus (Table I). The sulfur increased in the steel and
slag of the Reducer and Finisher to its initial steady-state values after it was decreased during
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“Batch operation”. The tundish level decreased until the Finisher was reopened. It is possible to
fly the tundish at the end of the “Finisher refill” if required.

The grade change simulation was concluded with the “Steady state return” step. This step starts
with the opening of the Finisher, supplying the new grade to the tundish and refilling it. The flow
rate through the system was stepwise decreased during the simulation, decreasing the flow first to
220 t/hr for 15 minutes to increase the tundish level before returning to the 165 t/hr steady-state
steel production. The value and duration of the flow rates depend on the steel level in the tundish
at the time the Finisher reopens. The steel level and temperature in the EAF as well as the time
rates of the alloy additions need to be adjusted according to the prevailing steel flow rate until
steady-state production is achieved.

Although a simulated grade change with a stepwise concentration change, resembling current
ladle practices, was described for continuous steelmaking, it is possible to change the steel
composition gradually between grades. The head-to-tail variations in a single slab could be
controlled by spreading out the grade change over several slabs by gradually increasing or
decreasing the alloy additions. This practice could decrease the yield losses over current practices.

PREDICTIONS OF STEADY-STATE AND TRANSIENT HEAT LOSSES

Simulated refractory temperatures of walls from a 124-ton ladle and a 27-ton continuous
refining vessel
The thermal performances of the continuous refining vessels and of ladles were calculated and
compared to predict differences between heat losses during continuous steelmaking and heat
losses during current ladle operations. The calculated heat losses and steel temperatures are based
on the wall designs illustrated in Table III. The walls of a ladle and the walls of a new refining
vessel contain a 9-inch MgO-C working lining brick, a 3.15-inch chamotte back-up lining brick,
and a 1-inch structural steel shell. In addition, the wall of a continuous refining vessel contains a
2.75-inch insulation brick between the back-up lining and the outer steel shell to minimize heat
losses. The first row in Table III repeats the thickness of the layers in inches. The cells in the heat
transfer model as well as the wall thickness in centimeters are illustrated in the second row of
Table III. The overall thickness of the ladle walls is 13 inches or 33 centimeters while the walls of
continuous refining vessels have an overall thickness of 15.75 inches or 40 centimeters.
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The wall temperatures are higher in the walls of the new refining vessels as compared to ladle
walls due to the additional 2.75-inch insulation brick. The calculated refractory temperatures of
ladle and Reducer walls are plotted in Figure 12 as a function of distance from the working lining
surface. The wall temperatures of the Reducer range between the values of the straight wall and
of the exit-pipe wall. The calculated heat losses (fluxes) are higher through a ladle wall as
compared to the walls of the Reducer. The bases of the calculations are steady-state and transient
thermal models that are described in the next sections.

Table III: Illustration of the ladle and refiner wall designs inch the 1-cm space steps in the models
0

1

2

9 inches
**
21

22

3.15 inches
24
**
30

23

Wall design of a typical ladle
working lining

31

back-up lining

Wall design of continuous steelmaking refining vessels
working lining
back-up lining
-------- preheated Reducer
preheated ladle

2.75 inches
37
32
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1 inch
39
40

38
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air
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Figure 12: Temperature profiles and heat losses of a ladle wall and Reducer walls are compared
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Steady state heat losses
Steady-state temperatures were calculated with Equation 3, using iterations and an estimated
value of the inside wall temperature (working lining surface). The calculations were completed
when the heat flux values and the outside surface temperature values (steel shell) converged with
their estimates, which were adjusted during the iterations. Tolerated differences were smaller than
0.1 W/m2 and 0.1°C respectively. It was necessary to start the calculations with an estimated
outside surface temperature because the heat transfer coefficient and the thermal conductivity are
a function of temperature. Equation 4 was used to calculate the steady state surface temperature
of the structural shell. The heat transfer coefficient was calculated with Equation 5, using an
emissivity of 0.9 for the steel shell.

The equations of the thermal conductivity and heat capacity as well as the values of the densities
for the different refractory materials of the walls are listed in the Appendix. It also includes the
meaning of the variables and subscripts that are used for the heat transfer calculations (Equations
3 through 24).
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The temperature changes due to additions and reactions in each refining vessel were calculated
with Equation 6. The required enthalpy change was calculated with FactSage. The amount and
type of alloy additions considered are reported in Figure 3 and the amount and type of flux
additions considered are reported in Figures 5 and 6. The temperature losses due to these
additions and associated reactions are 34°F (19.0°C) in the Oxidizer, 18°F (10.0°C) in the Reducer,
and 8°F (4.3°C) in the Finisher. The total temperature loss due to additions and reactions in the
three refining vessels is 60°F (33.3°C). In comparison, the average temperature effect of
deoxidation and additions during current ladle treatment5 are a loss of 54°F (30°C).
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AT =

AH
mCp _ steel
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The calculations of the total heat loss from the steel in each vessel required the determination of
the surface area for each refining vessel. The shapes of the three refining vessel can be seen in
Figure 1. More details of the vessel designs may be found in Figures 5, 6, and 7 in reference 1.
The total working lining surface area of each refining vessels as well as the areas and shapes for
different wall sections are listed in Table IV. The wall sections were simplified in order to
minimize their number and the amount of computations.

Table IV: Documentation of the working lining surface areas for each simplified vessel section
Section: Name

Reducer
Shape
Area

Oxidizer
Shape
Area

upper vessel
lower vessel
entry / exit
exit pipe
top/bottom/faces
within vessel

6.70 m2
1.60 m2
3.90 m2
2 x 0.70 m2

Total area

25.40 m2

11.80 m2

finside

= 0.40 m

6.90 m2
7.60 m2
6.70 m2

^inside

0 . 2 0 111

2 .2 0 m 2

^inside — 0 . 2 0 111

straight
inside/straight

3.70 m2

straight
inside/straight

^inside — 0 . 7 5 III

2 x 0 .9 0 m 2

28.90 m2

^inside — 1 *00 111
^inside

0.65 IT1

r.nside = 0 . 4 0 m

Finisher
Shape
Area
12.60 m2

I*inside

2.90 m2
3.60 m2
19.10 m2

finside

0 .7 5 111

= 0.40 m
straight
-

The heat flux of each wall section was calculated with Equation 7. The total heat loss from the
steel was calculated with Equation 8 by summing the products of the heat flux and the areas
assigned to each vessel section.

(7)
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The results of the steady-state heat loss calculations, as reported in Figure 13, indicate that the
required EAF steel temperature, to maintain a constant Finisher steel temperature of 2822°F,
increases when the steel flow rate decreases, assuming that the steel would not be heated after it
leaves the EAF. The estimated required EAF steel temperature would be 2900°F at a production
rate of 200 t/hr and 3000°F at a production rate of 30 t/hr. The steady-state temperature losses
from each vessel to the environment were calculated to range between 6°F at 200 t/hr and 40°F at
30 t/hr. The temperature losses due to additions and reactions, as calculated with Equation 6, were
added to these values.

steel flow rate (mt/hr)
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Figure 13: Calculated steady-state steel temperatures in the EAF, Oxidizer, Reducer, and Finisher
at production rates that range between 30 t/hr and 200 t/hr are reported. The calculations were
based on a constant steel temperature in the Finisher (2822°F) and they include the effects of
reactions and additions.
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It was arbitrary chosen to set the upper limit of the EAF steel temperature at 3000°F to minimize
the wear on furnace equipment. As a result, the new process could operate as slow as 30 t/hr.
Slow production rates support high chemical conversions due to long average residence times in
each vessel. Correspondingly, the upper limit of the production rate, estimated to be 220 t/hr,
would be determined by the required chemical conversion (and not by heat losses).

Transient heat losses during start-up
The transient heat transfer is governed by the parabolic diffusion or heat flow equation. Equation
9 lists the form of this equation in the Cartesian coordinate system. This form is needed for a
straight wall.
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Equation 8 is the Cartesian finite difference form of Equation 10 for one spatial dimension and
time.
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The transient heat flow equation as written with Equation 11, using the polar coordinate system,
is needed for a curved wall.
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Equation 12 is a 1-D, transient, polar, finite difference heat flow equation. It has an additional
term in the second parentheses as compared to Equation 10. The space steps (Ax and Ar) are 1 cm
in both coordinate systems.
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Equations 10 and 12 needed to be modified for the two cells that represent the boundary between
two materials. These cells are cell 23 in Table III for the boundary between working lining and
back-up lining and cell 31 for the boundary between back-up lining and insulation brick.
Equation 13 shows the modified form of Equation 12.
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The surface temperature is calculated with Equation 14 in the cell that represents the steel shell
and is next to the back-up lining (cell 31 for a ladle) or insulation brick (cell 38 for a refining
vessel). The heat transfer coefficient was calculated with Equation 5. The temperatures in the
two shells that represent the outer steel shell of the container (as illustrated in Table III) were set
equal to the surface temperature calculated with Equation 14, assuming a zero temperature
gradient within the outer structural steel shell.
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The Fourier number (Equation 15) is needed to define the stability criterion. Equation 16
describes the stability criterion for the Cartesian and Polar finite difference form of the 1-D
transient heat flow equation. The calculation of the surface temperature that includes the heat
transfer coefficient requires Equation 17 to hold true for stable transient heat flow calculations.
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Equation 17 requires the Fourier number to be smaller than 0.5 (Equation 16). The maximum
allowable Fourier number ranges between 0.2 at high wall temperatures with a heat transfer
coefficient of 300 W/(m2K) and 0.5 at low wall temperatures. The actual Fourier numbers during
the simulation of the transient heat flow through the refractory lining was below 0.1 at high
temperatures and below 0.2 at low temperatures.

The stability criterion as written with Equation 17 is needed to determine the time (At) and space
(Ax or Ar) steps during the finite difference calculations. It was preferred to choose 10 seconds
for the time step (At) because a time step of 10 seconds was already used during the dynamic
Metsim simulations. The largest thermal diffusivity of the working lining does not exceed 2*1 O'6
m2/s at room temperature. As already noted, the largest allowable value of the Fourier number is
0.2 at high temperatures. A space step (Ax or Ar) of one centimeter was calculated with Equation
18 based on these considerations.

2* 10Ax = Ar >

rn 2 \
0.2

(10s)
= 0.01m or 1 cm

(18)

The transient heat flow model assumes that the temperature of the entire working lining surface
(including the surface above the slag in the vessels) equals the instantaneous steel temperature. It
was judged that this conservative assumption is reasonable when the refining vessel is filled with
steel because it was calculated that the working lining surface above the slag is at an
approximately 180°F lower temperature than the steel, corresponding to an actual lower heat loss
through this part of the reactor than simulated. However, this assumption greatly deviates from
reality during the filling process. As a result, a modified heat transfer model was used until the
final steel height was reached.

The modified filling model assumes a simplified cylindrical vessel that is preheated to 2000°F
(1100°C), has a bottom area equal to the Oxidizer or Finisher (1.77 m2), and a vessel height of
5.09 m, representing the area of the original vessel except for the bottom area. At time zero, the
bottom area is only in contact with the steel and the rest of the cylinder is heated by radiation. The
vessel is filled at a constant flow rate until it is completely full (e.g. the steel contacts the entire
wall area). The assumption of a completely filled vessel is not supported by the value of the steel

146
density. However, this assumption agrees with the general model, which assumes that the entire
refractory surface is at the steel temperature at the time the vessel is full, matching the two
models at this time during the simulation.
The refractory surface temperature of the wall area that is not covered by steel was calculated
with Equation 19 during the filling simulation. It was assumed that the emissivity and the viewing
factor have a value of one, overestimating the heat loss from the steel.
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At the moment when the steel contacts the refractoiy that was exposed and preheated by the
radiation, the temperatures of the wall cells were shifted by half a cell to the right (away from the
working lining surface). Equation 20 was used to calculate the new temperatures, which are
represented by open circles in Figure 14. This procedure was followed because the meaning of
the first cell changed from refractory surface temperature to steel temperature at the time the steel
level rose to the height of a specific surface cell. The steel temperature was calculated with
Equation 21 in the first cell while the vessel was still being filled.
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Figure 14: Illustration of the shift of temperatures within the modified filling model at the time
the steel reaches the refractory
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The steel was allowed to flow through the vessel once a vessel was full. At this time, the steel
temperature was calculated with Equation 22, using the general heat transfer model. The steel
temperature was calculated considering the heat flux and area from each vessel section (with
different wall shapes) as well as the flow rate and the temperature of the steel that enters and
leaves the vessel.
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The transient heat transfer model was used to calculate the steel temperatures and the associated
heat losses during the start-up of the new process. The simulation result in Figure 15 shows that
the steel in the EAF would need to be superheated to 3068°F before the furnace would be opened.
The EAF steel temperature could be decreased to below 2950°F eight minutes after the furnace
opens, decreasing the power supply while supplying scrap. The steel temperature in the EAF
would have to be continuously adjusted until it reaches its steady-state value of 2908°F. These
adjustments would be best controlled with continuous temperature measurements, possibly using
available technology9. The steady-state steel temperatures of the EAF and of the three refining
vessels that were reported in Figure 3 are plotted in Figure 15 with dashed lines.

The steel temperatures in the Oxidizer, Reducer, and Finisher would quickly decrease in
accordance with the steel temperature in the EAF. The decrease of the combined heat losses from
the steel in the Oxidizer, Reducer, and Finisher to the environment from a maximum of 2.5 MW
during the filling process to a steady-state value of 0.4 MW is the cause of the decrease of the
required EAF steel temperature. The simulations were performed to maintain a Finisher steel
temperature of approximately 2822°F at all times. Other simulation constrains included preheated
refining vessels (2000°F), a constant steel flow of 165 t/hr, the opening of each vessel as soon as
it was filled, and no heating of the steel after it left the EAF. The temperature losses due to
additions and reactions that were calculated with Equation 6 were included in the calculations.
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Figure 15: The calculated steel temperatures during the first 3.5 hours (solid lines) and during the
steady-state operation (dashed lines), continuously producing 165 t/hr, are shown together with
the combined heat losses from the three refining vessels (red lines)

Heat losses during ladle operations
The simulation of the heat losses from a ladle are based on a cylindrical vessel that can hold 124
tons of steel, is covered by a lid or an LMF roof, and has a total working lining surface of 45.90
m2. The refractory area was divided into two sections. The section representing the top and
bottom of the vessel was assumed to have the shape of a straight wall and a surface area of 10.70
m2. The main vessel of the simulated ladle has an inner radius of 1.30 m and a surface area of
35.20 m2.
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The heat transfer through the lining of a ladle was calculated with the same equations that were
used for heat transfer through the walls of the continuous refining vessels. The modified filling
model was used for the first 4.2 minutes during the initial fill, simulating EAF tapping.
Additional calculations as compared to the thermal simulations of the continuous refining vessels
included the cooling of the hot inner surface of the working lining, which occurs after the ladle is
emptied, using Equation 23. The corresponding heat transfer coefficient was calculated with
equation 24. The viewing factor was estimated10 to be 0.4 and the emissivity of the hot refractory
was assumed to be 0.9.
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The thermal calculations were repeated for 3 ladles, simulating a meltshop operation that
produces 165 t/hr by tapping 124 tons every 45 minutes. The assumed schedule for these 3 ladles
is summarized in the Table V. The ladles are only completely full during the one-hour period
called “tap + LMF + transport”. The simulated ladles were allowed to empty over a 45-minute
period called “casting”. The transport, cleaning, tap hole sanding, and preparing for the next heat
was given 30 minutes during the period called "empty”.

The simulation results in Figure 16 indicate that the combined heat loss from these 3 ladles
fluctuate between 1.3 MW at the time when one ladle is empty, one is full at the FMF, and one is
being emptied at the caster and 6.0 MW when steel is tapped into one ladle, one ladle is
transported to the caster, and one ladle is still being emptied at the caster. The calculated steel
temperatures range between 3000°F (tap temperature) and 2800°F, which would be the
temperature of the last steel that leaves the ladle. The calculated values do not include the
temperature changes associated with heating, additions and reactions as well as radiation losses
from uncovered ladles.
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The initial heat loss during tapping into “ladle 1” at time zero in Figure 16 was 4.4 MW because
the simulation included a preheated surface of 2000°F, corresponding to the wall temperature
profile “ladle preheat” in Figure 12. The initial heat loss during the successive taps was calculated
to be 6.0 MW because the ladle wall was allowed to cool for 30 minutes. The corresponding wall
temperature profile in Figure 12 (“ladle V2 hr empty”) shows that the working lining surface was
calculated to be 1350°F before the ladle was refilled, causing the increased heat loss during
tapping. The peak heat loss during tapping slightly declined over time due to the soaking of the
refractory. The average heat loss from the 3 ladles is 2.5 MW.

Table V: Schedule for using three 124-ton ladles during a 165 t/hr conventional production
la d le 1

0.25 0.5 0.75
1
tap + LMF + transport

la d le 2

c a st.

ladle 3

tran.

hours

e m p ty

casting

ta p +

4
1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75
casting
tap + LMF + transport
empty
casting
e m p ty
ta p + L M F + tra n s p o rt
c a s tin g
L M F + tra n s p o r t
casting
empty
tap
empty
tap + LMF + transport

1.25
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Figure 16: The steel temperatures in 3 ladles and the total heat loss from these 3 ladles are
summarized. The steel production is 165 t/hr, tapping 124 tons of 3000°F steel every 45 minutes
in one of the ladles.
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Comparing heat losses during ladle operations and during start-up of new continuous
process
The calculated combined heat losses from the three refining vessels during the start-up of the
continuous process and during steady-state operation are compared in Figure 17 to the calculated
combined heat losses from 3 ladles during conventional operation. A production rate of 165 t/hr
was assumed for both types of operation. The calculations predict that the heat losses from the
three new refining vessels are lower than the average heat loss from 3 ladles. In fact, the value of
the heat losses from the new refining vessels only reached the 2.5-MW average heat loss from the
ladles at the moment when the steel first started to flow into the Finisher. The steady-state heat
loss from the 3 new refining vessels is only 16% of the average heat loss from the 3 laclles.

- - - ss total Q new vessels

-------- total Q l a d l e s -------- average total Q ladles

total heat loss from 3 ladles (MW)

total heat loss from 3 new vessels (MW)

total Q new vessels

Figure 17: The calculated combined heat losses from the Oxidizer, Reducer, and Finisher over the
first 3.5 hours of operation and during steady-state operation are compared to the calculated
combined heat losses from 3 ladles, producing 165 t/hr in either case
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The general reasons for the decreased heat losses from the new refining vessels as compared to
the ladles include a larger combined surface area of the ladles (135 m2) as compared to the new
refining vessels (70m2), a longer turn-around time for the ladles (2.25 hrs) as compared to the
combined average residence time in the new reefing vessels (28 min), and the heat loss from the
refractories every time the ladles are emptied, which needs to be supplied by the next heat. In
addition, the refining vessels are insulated with an additional 2.75-inch brick as compared to the
ladles. This extra insulation is possible because the increased wall thickness and the additional
vessel weight can easily be tolerated since the new refining vessels are small and compact and do
not need to be moved on a regular basis.

It was estimated that the decreased heat losses would result into 10 kWh/t energy savings in the
EAF due to lower tap temperatures, 2908°F at steady state as compared to 3000°F, and shorter
residence times (equivalent to tap-to-tap times). The possible elimination of steel heating after
EAF processing would accrue an additional savings of 30 kWh/t, based on current energy usage
during LMF refining5.

COST AND BENEFIT ANALYSIS

The savings from operating the continuous steelmaking process as compared to conventional
EAF-LMF steelmaking would originate from yield increase, improved refining, and increased
efficiency. The possible savings as summarized in Table VI are based on a current meltshop cost
of $280/t that includes a scrap cost of $ 180/t but not the costs associated with a continuous caster.

It is believed that the yield could be increased by 4% because the EAF would constantly operate
at near-equilibrium conditions at higher carbon concentrations than currently practiced,
decreasing the oxidation of metallics. The carbon could be increased in the EAF because
additional de-C is possible in the Oxidizer. In addition, yield losses due to reoxidation, spills,
ladle cleaning and heels would be substantial decreased. The $8.50/t savings from yield increase
are based on scrap savings.
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Table VI: Estimated savings during the continuous steelmaking operation as compared to
conventional EAF-LMF operation
Savings
($/t)

Items

Short explanation

8.50

4% metallic yield increase
from 90% to 94%

Less FeO, more C in EAF;
less oxidation, spills, heels

50% decreased usage of reductants
(Al, FeSi, etc.)
5% decreased usage of alloys
& use more HC alloys

No carry-over slag,
less reoxidation, cleaning, heels
Less trimming, steady composition,
de-C in Oxidizer
Steady-state, less FeO,
more utilization, no cycling

2.50
1.00

Subtotal

1.25

Decreased usage of materials,
e.g. fluxes, refractories

4.75

Improved refining
Electricity savings of 70 kWh/t
(& other utilities)
Decreased use of electrodes
and natural gas

Decreased processing time,
temperatures, heat losses
Shorter processing, no LMF,
decreased burner usage

(-2.10)

Increased usage of carbon
from 30 to 60 lbs/t

Foamy slag is required at all times

(-0.35)

Increased gunning from 1 to 2 lbs/t

4.50

Decreased man-hours / ton
from 0.60 to 0.45

(-0.60)

Increased usage of consumables,
e.g. probes

6.80

Increased efficiency

3.15
2.20

Subtotal
Total

20.05

Constant contact between slag
and refractory
Faster operation, less equipment
and production steps
More frequent (or continuous)
measurements

based on $280/t current meltshop cost, including $180/t scrap cost but
without casting cost

Furnace or other oxidized slags would not carry over into refining vessels that are steadily
operated under reducing conditions, decreasing the usage of reductants by 50%. Steady-state
operations at required steel compositions in each vessel, insignificant amount of FeO in the slags
of the Reducer and Finisher, and less reoxidation and air entrapment would decrease the amount
of trimming while cheaper high-carbon alloys could be used due to additional de-C in the
Oxidizer. Fewer amounts of fluxes as compared to current operations would be used based on the
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simulations. Refractory could be conserved due to substantial decrease of thermal cycling and
operations at lower temperatures than currently practiced while continuously utilizing the
equipment.

Increased efficiency would lead to savings from less energy consumption, decreased use of
electrodes and natural gas, as well as decreased man-hours per ton of steel. The energy savings
are based on a decrease of 70 kWh/t and a price of $0.045/kWh of electricity. The energy savings
come from 10 kWh/t savings in the EAF and 30 kWh/t savings due to no heating after EAF
processing as was discussed earlier. In addition, 10 kWh/t savings would accrue from 4%
increased yield and 20 kWh/t from decreased auxiliary energy. The 20 kWh/t auxiliary energy
savings are based on the average current auxiliary energy consumption of approximately 100
kWh/t11. The auxiliary energy savings would originate from less crane operations, decreased
vessel transport, less preheating of vessels, and decreased maintenance of a smaller meltshop
building and less equipment. The energy savings are illustrated with the schematic comparison of
the processing times and steel temperatures of both process types in Figure 18. The figure is
based on the hypothetical production schedule of 165t/hr with three 124-t ladles from Table V for
the conventional practice and the results from the 165 t/hr chemical and thermal simulations of
the continuous steelmaking process.
The savings from the decreased use of electrodes (1.0 lbs/t at $1.35/lb) and natural gas (100 scf/t
at $0.0085/scf) is equalized by the increased cost due to doubling of the carbon consumption,
assuming $0.07/lb of carbon. It is expected that more carbon but less natural gas would be
consumed because the furnace would continuously operate with a flat bath. The constant contact
between the slag and the refractory would possibly lead to an increased gunning consumption. An
increased cost would be expected from increased chemical sampling either due to the use of
continuous measurement technology or due to processing of more samples than currently
practiced.
It is expected that the required man-hours could be decreased by 0.15 hr/t, saving $4.50/t if a
labor cost of $30/hr is assumed. The decrease would originate from operations of fewer cranes,
less vessel preparation, transport, and cleaning, less maintenance of a smaller meltshop and of
less equipment, and a process that lends itself to increased automation. It is also expected that
additional savings accrue from continuous improvements, especially during the first years of
operation.
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proposed continuous steelmaking —

conventional batch operation

steel temperature (°F)

—

time (minutes)

Figure 18: Schematic, simulation-based comparison of the temperature profiles of a 165 t/hr steel
production using a conventional steelmaking practice and using the new continuous steelmaking
process. Sources for energy savings are listed as well.

The estimated capital cost for equipment of a continuous steelmaking process producing
1,000,000 t/year is $35 million12. This equipment includes a 55-t AC Consteel® EAF with an 80
MVA transformer, a meltshop building with only one aisle, not counting caster aisle but including
a maintenance area, 30 tons of structural support to support the equipment at the required height,
material handling and hydraulic equipment, six refining vessels, nine slag pots, three transfer cars,
and one non-contact twin plasma torch13. The estimated cost for conventional replacement
equipment is $50 million12.
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The $15 million difference between the two estimates originate from the replacement of
•

two aisles and crane tracks (furnace and LMF aisles) with one aisle and smaller cranes =
$9.5 million savings

•

one conventional 170-t EAF with one raised 55-t EAF, including conveyer = $2.0 million
savings

•

one LMF, its equipment, and six 150-t ladles with six 27-t refining vessels (2 sets) and a
plasma torch = $3.5 million savings

The yearly operational savings of the continuous steelmaking process, assuming a one-million ton
yearly production, would be $20 million dollars based on the estimates in Table VI. As a result,
the payback period for the $35 million capital cost would be 1.8 years, corresponding to a rate of
return on investment (ROI) of 57% as compared to current state-of-the-art equipment. It is
expected that problems during the start-up of the unproven continuous steelmaking process would
decrease the estimates of payback period and ROI.

SUMMARY

A new continuous steelmaking process has been designed in an effort to reduce meltshop costs
and increase productivity beyond the possibilities of current EAF-LMF-CC meltshops. The
performance of the new continuous steelmaking process was predicted with dynamic kinetic and
transient thermal simulations. The calculated changes of the steel and slag compositions that
would occur during a sudden sulfur increase in the scrap and during an abrupt grade change were
based on steady-state simulations of a continuous 165-t/hr operation. It was discussed that
continuous steel treatment could ensure that steel and slag compositions in the continuous
reactors are consistently at their required aim composition without any necessary waiting period
to achieve these compositions while standardized operations during conventional steelmaking are
aimed to consistently meet the desired chemistry at the end of the ladle treatment.

The dynamic refining simulations included the calculation of the changes in steel and slag
composition that would occur after the sulfur concentration of the incoming scrap is abruptly
increased from 0.050% to 0.080%. The sulfur concentration in the Finisher (which is the
equivalent of the final sulfur concentration during conventional ladle treatment) would slowly
increase over a period of 40 minutes from 0.008% to 0.012%. No corrective actions were
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simulated during these initial 40 minutes of this upset. However, once corrective action
(increased flux and argon stir) were applied to the process, the simulation predicted that the sulfur
concentration in the Finisher (or final sulfur concentration) would rapidly decrease to its original
value within 7 minutes. A production or flow rate of 165 t/hr was maintained at all times during
the simulation.

The simulated grade change established that the concentrations of steel components could be
changed abruptly during the operation of the continuous steelmaking process without changing
current tundish practices and amount of intermix material while maintaining a steady caster
production of 165 t/hr. The grade change example involved the decrease of manganese from
0.90% to 0.45% while keeping all other steel components at constant concentrations. The abrupt
grade change includes one closing and opening of each vessel of the new process (except the
tundish) and the appropriate adjustments of alloys, fluxes, and scrap feeding rates. The grade
change procedure was explained with four steps that are called “Alloy alteration”, “Batch
operation”, “Finisher Refill”, and “Steady state return”.

The results of the steady-state heat loss calculations indicate that the necessary EAF steel
temperature would be 2900°F at a production rate of 200 t/hr and 3000°F at a production rate of
30 t/hr, assuming a constant steel temperature of 2822°F in the Finisher. The transient heat
transfer model calculated that the steel in the EAF would need to be superheated to 3068°F before
the furnace could be opened during the start-up of the new process if it is required not to heat the
steel after it leaves the EAF and if the steel in the Finisher has to have a constant temperature of
2822°F. The EAF steel temperature could be decreased to below 2950°F eight minutes after the
furnace would be opened due to the decrease of the combined heat losses from the steel in the
three new refining vessels. The steady-state EAF temperature would be 2908°F, assuming the 165
t/hr are continuously supplied to the tundish at a temperature of 2822°F.

The simulation of the heat losses from 3 ladles, simulating a meltshop operation that produces
165 t/hr by tapping 124 tons of 3000°F steel every 45 minutes, indicates that the combined heat
loss of these 3 ladles averages 2.5 MW. The calculated maximum combined heat losses from the
three refining vessels during the start-up are 2.5 MW, decreasing rapidly to the steady-state heat
loss of 0.4 MW that is only 16% of the heat loss from the 3 ladles. The refractory temperatures
are higher in the walls of the new refining vessels as compared to ladle walls due to the additional
2.75-inch insulation brick. It was estimated that the decreased heat losses would result in 10
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kWh/t energy savings in the EAF and 30 kWh/t due to the possible elimination of steel heating
after EAF processing. Increase yield and less auxiliary energy are sources of additional energy
savings.

A cost analysis predicted that $20/t could be saved with the new continuous steelmaking process
over current meltshop costs. The savings would primarily originate from a 4% yield increase,
improved refining due to no carry-over slag and less oxidation, and increased efficiency due to
less energy and material consumption as well as decreased man-hours per ton of steel. The capital
cost for the new process was estimated to be $35 million or $15 million less than for conventional
steelmaking equipment producing one million ton of steel per year. The predicted payback period
is 1.8 years, corresponding to a rate of return on investment of 57%.
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APPENDIX

Thermal conductivity, heat capacity, and density of refractories

Thermal conductivity of the working lining:
( 3 * 10“'°) r 3 + ( 2 * 10~6)r 2 - (0.004) r + 4.5

in W/(m*K)

Thermal conductivity of the back-up lining:
kbl =(0.0003)r + 1.5

in W/(m*K)

Thermal conductivity of the insulation bricks:
K s u =(0.00015)7+ 0.25

in W/(m*K)

Heat capacity of all refractories:
CP = ( 9 * 10“9) r 3 -

in J/(kg*K)

(2

* 10~4)r 2 + (0.577)7 + 800

The temperature (T) in above equations is expressed in degrees Celsius!

Density of the working lining:
Density of the back-up lining:
Density of the insulation bricks:

p„, = 3000 kg/m3
Pu =2200 kg/ m3
Pmsu =1000 kg/m3
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Variables
a = thermal diffusivity =

k
pcP
5 = partial differential operator
AH = enthalpy change
Ar = space step (1 cm) in the Polar coordinate system (curved wall)
At = time step during one transient calculation (10 sec)
AT = temperature change
Ax = space step (1 cm) in the Cartesian coordinate system (straight wall)
8 = emissivity
p = density
ct = Boltzmann constant
V2 = Laplace operator
A = surface area of the working lining
Cp = heat capacity
d = diameter
F = viewing factor
Fo = Fourier number
h = heat transfer coefficient
k = thermal conductivity
m = steel mass in a refining vessel
m = steel flow between vessels
q = heat flux
r = radius
t = time
T = temperature
Subscripts
air = air properties
covered = working lining surface that is in contact with steel
i = counter of vessel sections
inside = location of inner working lining surface
n = current cell number
n+1 = current cell number minus one
n-1 = current cell number minus one
new = value after calculations during one time step
new n = value of cell n after calculations during one time step
new_S = value of cell S after calculations during one time step
new_0 = value of cell zero after calculations during one time step
steel = steel properties
s = nominal top surface of steel bath
S = (quasi) surface cell 31 in ladle model and (quasi) surface cell 38 in continuous-refiner model
S-l = cell S minus one
uncovered = working lining surface that has not been in contact with steel
vessel = value for one vessel
w = wall surface of uncovered working lining
wall = properties of the working lining
0 = cell zero representing the steel and the working lining surface
0_prev.vessel = properties of steel in the previous vessel
1 = first cell after cell zero
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INTRODUCTION
Computational fluid dynamics (CFD) models of turbulent, multiphase flow are applied to help
develop a new scrap-based process for continuous steelmaking, which aims to revolutionize the
way that steel is made in the 21st century. Steel has always been made by batch processing which
involves high labor requirements, energy losses, yield losses, environmental problems,
inconsistent quality between heats, automation difficulties, and is limited to specific heat sizes.
Continuous steelmaking has the potential to ,use energy more efficiently, lower production costs,
lessen environmental impact, and increase steel quality and consistency.

Many different

continuous steelmaking processes have been proposed in the last 40 years. [1’21 Some of these
processes even reached the pilot-plant stage, but none has yet been fully commercialized. A
schematic of the current proposed process is shown in Figure 1. Steel continuously flows through
five interconnected vessels during this continuous steelmaking process. Preheated scrap is
continuously charged and melted in the first vessel (modified AC Consteel EAF).
Decarburization and dephosphorising are achieved in the second vessel (Oxidizer), if needed. In
the third vessel (Reducer), steel is continuously deoxidized, desulfurized, and alloyed. Steel with
a near-final composition enters the fourth vessel (Finisher) for final alloy trimming, additional
desulfurization, inclusion floatation, thermal and chemical homogenization, before flowing into
the fifth vessel (Tundish). Further details are given in another paper.[3] This new design is based
on analysis of previous literature, discussions between the researchers in this project, numerical
simulations [4,5], and water models [6].

The purpose of this paper is to introduce the powerful

tool of CFD in designing metallurgical processes in general, and this new continuous steelmaking
process in particular.

Owing to the tremendous cost of pilot-plant-scale industrial trials, previous attempts to develop
new metallurgical processes have generally relied on scaling up small bench-scale experiments.
Due to the lack of true understanding of the rate constants, mixing phenomena, and geometric
effects which control the success of the real process, many previous pilot-plant operations have
been unsuccessful. With the tremendous increases in the power of computer hardware and
modeling software, computational modeling offers a better design tool for creating new processes.
Numerical simulation has the potential to quantify the phenomena taking place in a commercialscale process before it is constructed. In order to achieve success, the model must accurately
predict the phenomena of true interest, which for steelmaking processes include:
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Multiphase and turbulent fluid flow and within each vessel in the process, incorporating
the effects of gas stirring (oxygen gas or argon gas), and including transient variations,
which are the main source of variability in the product
Mixing phenomena in each vessel, including solidification, heating, and remelting of a
steel layer around alloy particle additions, which directly controls the success of alloying,
and is important to other reactions as well
Inclusion nucleation, growth, motion and removal in the molten steel;
Heat transfer phenomena, including temperature drops between each vessel;
Evolution of composition during each vessel, including the thermodynamics and kinetics
of the reactions between the molten steel and interfaces with the top slag and bubble
surfaces, coupled with fluid flow and mixing phenomena;
Effects of the true three-dimensional features of the vessel shape (including location of
inlet and outlet launder), gas injection location and flow rates, and other operating
conditions on the above phenomena.
These phenomena are equally important to conventional steelmaking processes. Thus, initial
development of the computational models has focused on model validation by matching with
industrial measurements of fluid flow and alloy dispersion in the molten steel during LMF steel
refining.[7,81 Although much work remains to be done regarding model development, the current
paper is to show how the modeling tools have already been applied to help design the new
process. Specifically, this paper presents numerical simulations to compare two different designs
of the oxidizer vessel, based on the fluid flow, mixing phenomena and inclusion motion. The
second design was chosen to improve on perceived faults in the first design, including
impingement of the inlet jet on the bottom of the inlet launder, and short circuiting of the fluid
flow pattern. Further examples of vessel designs based on numerical simulations are planned for
future publications.
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Figure 1 Transparent side view of the fully continuous steelmaking process

MATHEMATICAL FORMULATIONS AND COMPUTATION CONDITIONS

Single Phase Fluid Flow
The equations for transient three-dimensional fluid flow are solved in this work. The k-s twoequation model is used to simulate turbulence, which solves two equations for the transport of
turbulent kinetic energy and its dissipation rate to obtain the effective viscosity field, peff*[9’10] *

Particle Motion
The trajectory of each particle (bubble and inclusion) is calculated by integrating its local velocity,
defined by considering the different forces which act on it, as given in Eq.(l) for direction /.
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where pp and p are the particle and liquid densities (kg/m3), ux and uv\ are fluid velocity and
particle velocity at direction i (m/s), t is time (s), CD is the drag coefficient[11] as a function of
particle Reynolds number (Rep), g is gravity acceleration, p viscosity of the fluid (kg/m-s), and dp
is particle diameter (m).

The first term in Eq.(l) is the drag force per unit particle mass. The second term is the
gravitational force, the third term is the “virtual mass” force1121 accelerating the fluid surrounding
the particle, and the fourth term is the force stemming from the pressure gradient in the fluid.
The effect of turbulent fluctuation on particle motion can be modeled crudely by adding a random
velocity fluctuation ( ^ 2 k /3 ) to the mean fluid phase velocity at each step, where q is a random
number and k is the local turbulent kinetic energy, i.e.,

u —u + g ^ 2 k /3

(5)
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Multiphase Fluid Flow
Lagrangian Multi-Phase M odel[131 is used to simulate the argon gas stirred multiphase fluid flow
in this work. In this model, only one velocity field is solved (the Eulerian fluid phase), but the
liquid volume fraction is included in every term. The liquid volume fraction is calculated from the
gas volume fraction, which is solved from the particle trajectory calculations Eq. (1). As the
trajectory of a bubble is computed, the momentum gained or lost by the bubble motion is
incorporated in the subsequent continuous phase calculations. Two-way coupling is accomplished
by alternately solving the discrete and continuous phase equations until the solutions in both
phases have stopped changing. The momentum transfer from the continuous phase to the discrete
phase is computed by examining the change in momentum of each bubble as it passes through
each control volume. This momentum exchange is given by Eq.(6), which appears as a sink term
in the continuous phase momentum balance equations.

\ p
dui
o- p
1 p d t
------ Si ------------ \u — u -1------u ----- • m „ - At]
p
1 2 p p dt
'

c e ll
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i__

U p i) +

*<3

F D (U i

J

where the sum is over all the bubbles in the cell, mp is the mass flow rate of each bubble stream
(kg/s), and At is the time step (s).

Solute Transport
Alloy dispersion or tracer dispersion were simulated by solving the following solute transport
equation,

dC_
dt

d £ _ J L (D ^
ip dxt dxt v eff dxi y

(7)

where C is the solute concentration or volume fraction, Deff is the effective diffusion coefficient
(m2/s), depending on turbulent viscosity, given by
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( 8)

where D0 is the laminar diffusion coefficient (m2/s), jieff is the effective turbulent viscosity (kg/ms), and Sct is the turbulent Schmidt number, set here to equal 0.7.

Boundary Conditions
For the simulation of fluid flow, a fixed velocity condition is imposed at the domain inlet, and a
'pressure outlet condition” is used at the outlets. The top surface is assumed to be flat and no slag
phase, with zero shear stress. No-slip boundary condition is used ay wall, with standard “wall
functions” in order to capture the steep gradients with reasonable accuracy on a coarse grid. [10, 1 ’
151 The particles are assumed to escape at the top surface and the outlet, and be reflected at other
walls. 5000-10000 inclusions each size are injected into the domain through the inlet in order to
get a statistical average of inclusion removal to the top surface. For the solute transport, the zero
flux boundary condition is used at walls and top surface, and zero concentration at outlet. All of
the equations are solved using FLUENTtl6].

Computation Parameters
The vessel is cylindrical, with an inlet launder and an outlet launder, as shown in Figure 2. In
Design I, gas is injected from the two porous plugs at the bottom, and in Design II there are three
porous plugs at the bottom. The parameters are shown in Table I. In Table I, the theoretical
residence time of the molten steel is the ratio between the domain volume and the steel flow rate.
Inlet

Figure 2 Schematic of Design I (left) and Design II (right) of the Oxidizer vessel in Figure 1
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Table I Dimensions and parameters for the two designs of the Oxidizer vessel
Dimension of the vessel
Inside volume of the whole domain (m3)
Inner diameter of inlet (mm)
Submergence depth of the inlet shroud (mm)
Temperature of the molten steel (K)
Steel flow rate (tons/hour)
Steel flow rate (m3/s)
Theoretical residence time of the molten steel (s)
Inlet velocity (m/s)
Inlet turbulent energy (m2/s2)
Inlet turbulent energy dissipation rate (m2/s3)
Steel density (kg/m3)
Argon density (kg/m3)
Argon gas flow rate at 300K (m3/min)
Argon gas flow rate at 300K (m3/s)
Argon gas flow rate at 1900K (m3/s)
Bubble size at 1900K (mm)
Number of porous plug at the bottom
Total bubble injection at 1900K (#/s)
Inclusion density (kg/m3)

Design I
<j)1.4m, H2.0m
3.393
140
220
1900
99.5
0.003572
950
0.232
3.1x10 "4
4.0x10 "4
7020
1.6228
0.49
0.01325
0.0219
36.4
2
864
5000

Design II
()>1.5m, H1.65m
3.636
120
150
1900
99.5
0.003572
1018
0.3158
5.619x10 ~4
1.140x10 “3
7020
1.6228
0.49
0.01325
0.0219
31.0
3
1406
5000

The cold gas flow rate (at 300K) Qg,coid can be converted to hot gas flow rate (atl900K) Q&hot by
Eq.(9).
TP
Q g ,h o t

Q',g,cold

(9)

T jP .+ P g H )

where Pmis room pressure. T«,=300K. T0 is the temperature of the molten steel, 1900K. H is the
depth of molten steel in the vessel (m).
The bubble diameter dB(m) depends on the gas flow rate according to :[17]
/
0.35

i \0.2

rQ p

( 10)

g

Thus the number of bubbles injected into the system per unit time NB(#bubbles/s) can be
expressed by
N B.hot

Q.gas ,hot
B,hot

where VBis the volume of a single bubble

( ii )
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FLUID FLOW AND PARTICLE MOTION WITHOUT ARGON INJECTION

Steady-state flow without gas injection in the vessel is calculated first. In Design I, a simple openbottom inlet nozzle is used. As shown in Figure 3, the inlet jet from this nozzle design impinges
strongly against the shallow bottom of the inlet launder, so splashing and erosion of the refractory
bricks might be a problem. To avoid this problem, Design II uses a side-opened inlet nozzle, (like
a one-port continuous casting nozzle), so there is minimal jet impingement on the bottom of the
inlet launder.) Without gas injection, in Design I, the molten steel enters the vessel from the inlet
launder with a downward angle, quickly traverses across the vessel, then directly leaves through
the outlet launder (Figure 4). This indicates strong short circuiting, which would be very
detrimental for the process. Any time the gas injection failed, this situation would occur. To avoid
this problem, Design II introduces a swirl into the flow by angling the inlet launder to avoid direct
alignment with the outlet launder. As shown in Fig.3, a large, general swirl (rotating) flow pattern
is generated in the whole domain. It should be noticed that without gas injection, in Design II,
there is a strong backward flow toward the inlet launder along the top surface, which likely would
push some slag along the surface towards the inlet nozzle (Fig4.b). In Design I, this back flow is
not so strong when there is no gas injection. Fig.4b also indicates that Design II has less surface
turbulence in the small space to the right hand of the nozzle when there is no gas injection. The
surface velocity in the inlet launder of Design I is <0.1m/s, and <0.2m/s in Design II.

Figure 3 Velocities on centerline slices through the inlet launders in Design I (left) and II (right)
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(a) Velocity within the centerline slice in Design I (left), and through inlet and outlet launders in Design
II (right)

(b) Fluid flow velocities on the top surface of the inlet launder

(c) Fluid flow velocities in different horizontal sections in Design I (left) and II (right)

Figure 4 Fluid flow without gas injection in Design I (left) and Design II (right)
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FLUID FLOW AND PARTICLE MOTION WITH ARGON INJECTION

Fluid Flow
Argon gas is injected through the porous plugs at the bottom of each vessel. The argon gas flow
rate is 0.49 sm3/min (“cold” gas at 25 °C and latm), and the bubble size is 36.4mm for Design I,
and 31.0mm for Design II at 1900K. Figure 5 gives the iso-surface of 0.001 volume fraction of
argon gas in the vessel. Design I seems to generate more dispersion of argon bubbles. The
average residence time of bubbles in the vessel is 1.24s in Design I, with an average rising speed
of 1.61m/s, while bubbles in Design II have an average residence time of 0.87s, and rising speed
of 1.90m/s. The volume-averaged turbulent kinetic energy is 2.76x10 _2m2/s2 in Design I, and
1.31x10 “2m2/s2 in Design II. The volume-averaged turbulent energy dissipation rate is 5.46x10 "
2m2/s3 in Design I, and 2.15x10 ~2m2/s2 in Design II. At pseudo-steady state, there are 1075
bubbles in the entire liquid volume in Design I, and 1223 bubbles in Design II. The fluid flow
velocities are shown in Figure 6, which indicates that Design II has a smaller average velocity
than Design I. The volume-averaged velocity magnitude is 0.241m/s in Design I, and is 0.171m/s
in Design II.

Figure 6 Fluid flow in the vessel (Left: Design I, Right: Design II)
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Velocity distributions within some horizontal sections in the vessel are shown in Figure 7. With
gas injection, the top surface has large velocities. There is a strong backflow along the top surface
into the inlet launder in Design I. There is an asymetrical (swirl) backflow along the top of the
inlet launder in Design II, that is weaker than in Design I. The molten steel directly flows into the
outlet launder from the main vessel in Design I (Fig.7a). In Design II, there is a strong swirl
between the vessel and the outlet launder, as the rotating flow pattern in the vessel persists even
though it is diminished somewhat by the three gas plumes (Fig.7b). Design I has two independent
fully-recirculating flow patterns induced by the two gas plumes.

Outlet
(a) At the top surface

Y=1.4m

(b) On the horizontal section passing through connection between the main vessel and the outlet launder
Figure 7 Velocity distribution details in two horizontal sections (Left: Design I, Right: Design II)
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Section a)

Section b)

Section c)

Figure 8 Velocity distributions on vertical slices in Design I
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1m /s

Section b)

Section c)

Figure 9 Velocity distributions on vertical slices in Design II

Velocity distributions on some vertical slices through the vessels are shown in Figures 8 and 9.
The molten steel flows upwards in the gas plume and downwards along walls, generating a strong
recirculation within the entire height of the vessel. Therefore particles (or solute fluids) may
recirculate a long time in the domain, as discussed later, which provides a good opportunity for
chemical reactions. Fig.8 indicates again that fluid flow in Design I is stronger than in Design II.
Figure 10 shows the turbulent energy dissipation rate in the vessel. In Design I, the top surface
and the gas plume have energy dissipation rates >1.0m2/s3 (1000 W/ton), far larger than at other
places. In Design II, this value is 0.37 m2/s3 (370W/ton). This big stirring power at the top
surface is likely to be beneficial for the chemical reactions between the molten steel and the slag.
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Design I

s (m2/s3)

I

1.0x10*°°
3.7x10°'
1.4x10°'
5.2x1 O'02
1.9x1 O'02
7.2x10°°
2.7x10°°
1.0x10°°
3.7x1004
1.4X1004
5.2x10 05
1.9x1 O'05
7.2x1 a03
2.7x10°°
1.0x10°°

Design II

Figure 10 Turbulent energy dissipation rate in the vessel

Mixing
Solute transport is calculated in order to simulate the dissolution and dispersion of the alloy added
into the molten steel. Unlike the continuous nature of the real process, the solute is added here as
a tracer for better visualization, and convected outflow is ignored. The place of the tracer alloy
addition and points to monitor its local volume fraction change with time are shown in Figure 11.
The alloy is added into the domain at the center plane midway between the center axis and inlet
launder exit, 0.1m below the surface. Figure 12 shows the changes of the volume fraction with
time at the monitoring points. Points 8 and 9 in Design I and point 6 in Design II are close to the
connection between the main vessel and the outlet launder. The earlier that alloy appears there,
the more serious is the problem of short circuiting through the domain. Fig.12 and Figure 13
indicate that the alloy starts to reach these place at only 5-7s in Design I, but is 14s in Design II.
From this point of view, Design II is better than Design I. Fig.12 also indicates that the alloy
volume fraction at different monitoring points fluctuates with time until converging together, and
eventually dropping down with increasing time. The average volume fractions of the solute are

176

2.95x10 ~4 for Design I, and 2.75x10 ~4 for Design II. The time when all of the points reach the
same value is defined as the mixing time. This mixing time is observed in Fig. 12 to be 90s for
Design I, and 110s for Design II. From this definition, Design I has a little faster mixing than
Design II. After around 2000s, all the tracer alloy has left the Oxidizer vessel to the next vessel.
The theoretical residence time of the molten steel in the domain is 950s for Design I, and 1018s
for Design II, which is around 10 times larger than the mixing time. Thus the mixing conditions
are judged to be good in both vessels. It should be mentioned that a residence time exceeding the
mixing time is sufficient for homogenization but not always enough for reactions. Of greater
importance is the need to avoid short circuiting flow and to transport the inclusions to the top slag.
Reactions also depend on interfacial area between the steel and gas, emulsification between steel
and slag, and thermodynamics.

Figure 11 The addition place of the alloy and points monitoring the concentration (Left: Design I;
Right: Design II)

The relationship between the mixing time and the stirring power is shown in Figure 14, which is
consistent with the correlation of other investigations

The iso-surfaces of the alloy volume

concentration in the domain are shown in Figure 15. Design I has a flow condition similar to a
pair of well-mixed vessels in series, as the two strong gas injection plumes partly separate the
two flow recirculation regions in the vessel from each other. In Design II, the three gas injection
jet and the swirl fluid flow avoids this behavior.
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Design I

Design II

Figure 12 Dispersion of alloy in the vessel

Time (s)

Figure 13 Alloy dispersion near the connection between the main vessel and the outlet launder
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Figure 14 Mixing time as a function of stirring power of the two designs compared with literature
data tl8]

0.00034

0 .0 003

Figure 15 Alloy iso-surface at 50.5s (left: Design I; right: Design II)

Examination of the alloy addition can illustrate the mixing. Table II gives trajectories of 50 lumps
of 100mm diameter SiMn alloy particles with density of 6120 kg/m3. If added to the position
corresponding to the eye above the first plume in Design I, as shown in Fig.ll, the alloy lumps
firstly disperse over the half top surface closest to the inlet launder, and a few enter the top of the
inlet launder. Those above the main vessel are drawn down the vessel walls, and then
accumulated to the centerplane between the two gas plumes to become entrained into the bulk of
the steel, and reach around 0.5-1.0m below the top surface in 10 seconds. It was reported that this

179

size SiMn alloy is released from its temporary steel shell in ~10s.[8] If the alloy is added into the
domain at the top center of the main vessel, due to the downwards fluid flow there (Fig.8, section
b)), the alloy lumps mainly disperse midway between the two gas plume, and downwards to the
bulk. They reach 0.5-0.8m in 10 seconds. The final depth and position alloy lumps reach in the
bulk are very similar between these two place alloy additions. But the non-center addition has a
few lumps which first disperse over the half surface of the top and the top of the inlet launder.
This difference may induce a slight difference in mixing, which will be simulated in the future.

Table II Effect of alloy addition place on its trajectory
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Inclusion Motion in the Vessel
Figure 16 shows typical trajectories of inclusions in the vessel, which suggests that inclusions in
Design I move and recirculate much longer than in Design II before removal. Table III, IV and
Figure 17 shows the inclusion mean residence time and removal fraction. Larger inclusions
naturally are removed more than smaller inclusions. The residence time of inclusions in Design I
is 2.1-2.6 times larger than that in Design II. Table III indicates that Design II removed more
inclusions than Design I. For 50pm inclusions Design I can remove 88.5%, Design II removes
96.5%. Design I removes 91% 100pm inclusions, while Design II removes 97.5%. 300pm are all
removed with both Design I and Design II. In Design II, large inclusions such as 300pm
inclusions are more removed to the top of the inlet launder than Design I. Inclusions reaching the
top of the outlet launder in Design II is less than 2% for each size, which is less than that of
Design I. The results indicate that although the mixing in Design I is a little faster than Design II,
Design II appears to be more efficient for inclusion removal.

Table III Mean residence time of inclusions
design II
Design I
Inclusion
size
Top of Top of Top of Outlet Mean Top of Top of Top of Outlet Mean
inlet outlet cylindrical
inlet outlet cylindrical
launder launder section
launder launder section
181.7 49.8
47.0
109.6 226.7 121.6 25.7 144.3
85.7 269.7
Mean
50pm
201.6 46.8
44.4
residence 100pm
205.4 100.3 24.92 146.9
96.9
65.2 215.2
time (s) 300pm
27.2
262.8
35.5
13.71
70.4
221.0
70.2
171.2
42.7

Table IV Inclusion removal fraction
Design I
Inclusion
size
Top of Top of Top of Outlet Total
Removal
inlet outlet cylindrical
section
launder launder
11.5
88.5
72.9
1.3
14.3
Removal 50pm
fraction 100pm
9.0
91.0
72.9
15.4
2.7
(%)
0.1
99.9
75.2
5.1
19.7
300pm

Design II
Top of Top of Top of Outlet Total
Removal
inlet outlet cylindrical
launder launder section
83.2
3.5
96.5
0.7
12.6
2.5
80.1
97.5
1.5
15.9
49.4
100
1.1
49.5
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(b) 100pm

(c) 50 jam

Figure 16 Typical trajectories of 4 inclusion particles each in Design I (left) and Design II (right)
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Inclusion diameter (nm)

Figure 17 Fractions of inclusions to different destinations

The calculated residence time of solute particles, theoretical residence time, residence time of
inclusions and bubbles, and mixing time are summarized in Table V. The residence time of
bubbles in the vessel is 0.87-1.24s, which is governed mainly by the vessel height, and is far
smaller than the residence times of solute, inclusions and steel. Thus inclusions may be removed
faster by attaching to the surface of the bubbles. However, the attachment probabilities between
inclusions and >30mm bubbles are very small.[19] The current gas injection rate? through 3 plugs
(Design II) produces smaller bubbles (31.0mm) than through 2 plugs (Design I, 36.4mm). It was
reported that small bubbles also improve the mixing in the molten steel during ladle gas bubbling
process [12]. Thus , smaller bubbles might improve inclusion removal and mixing, favoring Design
II over Design I for the current continuous steelmaking process.
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Table V Residence time and mixing time (s)
Theoretical
residence time
Design I
Design II

950
1018

Residence time of
Residence time of
Mixing time
>50pm inclusions bubbles (1.6228 kg/m3)
(5000kg/m3)
70.2-121.6
1.24
90s
27.2-49.8
0.87
110s

SUMMARY

Advanced computational fluid dynamics (CFD) models of turbulent, multiphase flow are applied
to design a new scrap-based process for continuous steelmaking. The current work focuses on
comparing transient fluid flow, alloy mixing, and inclusion particle transport in two different
designs of the Oxidizer vessel. This vessel is cylindrical, with an inlet launder and an outlet
launder.

The models are three-dimensional and use the Eulerian-Lagrangian method for

multiphase flow, the k-s model for turbulence, species diffusion equation for alloy mixing, the
random walk Lagrangian method for particle transport, and are based on FLUENT. The effect of
the arrangement of inlet and outlet launders on the fluid flow, residence time, mixing time,
inclusion removal fractions are investigated.

The design with a side opened inlet nozzle

diminishes jet impingement on the bottom of the inlet launder. The design with inlet launder not
in the same line as the outlet launder produces swirl, which stabilizse the flow pattern, avoids
short circuiting, and likely lessens variability in the product. This swirl design has more inclusion
removal and roughly the same mixing conditions as the design without swirl.

The current work represents an important but very rough preliminary step towards designing a
new metallurgical process. Fluid flow and mixing have been modeled, but of greater importance
is the control of interfacial chemical reactions and variability. This work is a necessary first step
towards performing calculations of these relevant practical phenomena. Future model
investigations will include:
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Consideration of multi-size bubbles, other inter-phase forces etc;
Inclusion nucleation, growth, and collision with each other and with gas bubbles;
Top surface waves, and interfacial phenomena such between gas and steel, and between steel
and slag (slag emulsification);
Chemical reactions between top slag and the molten steel such as De-P and De-S and the
reaction De-C, coupled with fluid flow;
Heat transfer phenomena during this continuous steelmaking process;
Design of other vessels by numerical simulation and parametric studies.
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APPENDIX B

DIFFERENT DESIGNS OF THE CONTINUOUS STEELMAKING PROCESS
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The design of the continuous steelmaking process evolved over time. The original idea
(Figure B-l) was presented by Jorg Peter to Kent Peaslee on August 20, 2001. At this time, it was
not known that there were eighty previous attempts to develop a commercially viable continuous
steelmaking process. The research on the new process started as a senior design project, resulting
into the design of Figure B-2 that documents the fundamental concept of the process. A series of
near-equilibrium CSTR’s is seen as the best compromise between control and refining capability
of a fully continuous steelmaking process. The designs shown in the Figures B-3 through B -ll
are the result of the research funded by the Department of Energy.
The connections between the continuous reactors were judged critical for the
economical operation of the new process. Figure B -l2 shows five connector designs that were
considered in addition to an RH-type connection. The final design of the vessel connections was
considered to be the best compromise between flow control, height of the overall process,
required maintenance, refining ability, heat losses, as well as operational flexibility, control, and
costs. The process design of Figures B-3 and B-4 used a wedge-shaped connector. It was hoped
that this connector could be forced between two vessels, sealing the connection and allowing for
easy replacement. The increase of the vessel size from 14 to 20 metric tons occurred during the
development of this design version.
The design work that led to the final design is documented in Figures B-5 through B-8,
using a rudimentary version of the final connector design and 20-mt refining vessels. An
improved and computer-drawn version of this early design is shown in Figure B-9. It still
contained the modified tundish of the fundamental design in Figure B-2 as well as the in-line
arrangement of the exit and entries, making short circuiting possible. The Oxidizer of the design
in Figure B-9 was the “design 1” in Appendix A.
The improvements of the design in Figure B-10 as compared to the design of Figure B-9
include off-set entry and exit launder, the lowering of the connection between the exit launder and
the main vessel to the bottom of the vessel, and the cone-shaped Reducer. These changes
decrease the chance of short-circuiting and increase the possible refining abilities of the process,
especially of the Reducer where most conversion and alloying is expected to occur.
The final CAD drawings as shown in the poster of Figure B -ll illustrate the details and
dimensions of the vessels more clearly. The location of the alloy chute, the design of the off-gas
system, the location of the trunnions, hooks, porous plugs, tap holes, working platforms,
observation and slag doors, slag pots, the height of the steel level, the angled arrangement of the
reactors, and the elevation difference between the vessels are well documented with the final
CAD drawings. More design details of each vessel were illustrated and discussed in Section 6.
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c9-i£
August 20, 2001
P o ssib le R esea rch P ro p o sal

iorg would be happy if he could study with Dr. Peaslee within his Master Programs the
necessary processes, reactions, conditions, kinetics, and equipment for continuous
Steelmaking/casting within one vessel. The processed material should be primarily scrap
but also other material like pig iron or even ore should be considered. A continuous
bloom or beam blank should emerge from the caster in a horizontal position. For
simplicity, the chemistry should be assumed to be constant, but maybe it is possible to
change the chemistry without excessive mixed material.

Figure B-l: Original idea of a continuous steelmaking process (summer 2001)

Figure B-2: Continuous steelmaking design (spring 2002)
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Figure B-3: Side view of continuous steelmaking design (fall 2002)
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Figure B-4: Top view of continuous steelmaking design (fall 2002)
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Figure B-5: Side view of two refining vessels of the continuous process (spring 2003)
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Figure B-7: Top view of two refining vessels of the continuous process (spring 2003)

Figure B-8: Top view of the casting vessels of the continuous process (spring 2003)
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Figure B-9: Continuous steelmaking design (summer 2003)
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Figure B-10: Continuous steelmaking design (fall 2003)
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Fully continuous s te e lm a k in g pro cess
Designed to replace the EAF-LMF-CC steelmaking route

P o ssib le reductSon of m e ltsh o p c o s t due to:
* Decreased capital investment
•Increased utilization of equipment
•Reduced material and energy consumption
•Reduced man-hours and maintenance
Reduced environmental impact
• Improved quality and yield
•Reduced processing time
Improved safety

Projected
Continuous
Steelmaking
m eltshop

E stim a ted
a b ilitie s
of p ro ce ss:

120 feet
- proposed continuoussteelmaking — conventional batchoperation

• Flexible:
continuously
variable production
rate (30 - 220 t/hr)
• Reliable:
robust against changing conditions
many possible corrective actions
most maintenance during operation
• Controllable:
in-series, near-equilibrium, fast reactors
• Grade changes:
little to none down-graded steel
• Quality steel: P & S below 0.010 wt%

Figure B -l 1: Poster of final design of the continuous steelmaking process
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side view of connecting launder

Side view of “teapot” connector

Top view of “teapot” connector

Figure B-12: Five connector designs that were considered before the final vessel design

APPENDIX C

STEADY-STATE METSIM MODEL

OF THE CONTINUOUS STEELMAKING PROCESS

201

C 1. GENERAL EXPLANATION OF THE MODEL
The continuous steelmaking process uses three refining reactors between the Consteel®
EAF and the tundish. Steel is continuously transported through and refined in these three reactors.
A steady-state Metsim model was constructed for each of the continuous steelmaking vessels.
Metsim® (Windows Version 11.06) is commercially available software distributed by John
Bartlett of PROWARE. Within Metsim, there are various types of modules available including
Free Energy Minimizers (FEM), splitters, and mixers. Each of these modules has a different
function for simulation. The FEM uses a mathematical logarithm to calculate the chemical
substances that exist if equilibrium is achieved. The algorithm is part of the commercial software
and not available for explanation. In general, the algorithm simultaneously solves thermodynamic
equations, calculating the equilibrium products with the lowest free energy. In addition,
FactSage® (Version 5.4), a commercially available thermodynamic database and free energy
minimization software, was used to check and improve the Metsim results.
Figure C-l explains the layout of one section in the steady-state Metsim model as related
to the file “457 project O+R+F new LAYOUT & -100000 kcal hr_2.sfw”. (The dynamic model is
explained in Section 7.) Each of the three reactors is modeled with a separate section. The
sections are named Oxidizer, Reducer, and Finisher and they are connected with streams 106 and
206.

*60 - *65

*8 0 - *85

Figure C -l: Schematic illustration of the Metsim model of a refining reactor
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The vessel is outlined with a thick black line in Figure C-l. Steel streams are
and flux streams are blue; gas streams are

g re e n ;

re d ;

slag

and alloy streams are black. 1** streams are for

the Oxidizer; 2** streams are for the Reducer; and 3** streams are for the Finisher. Stream
numbers of similar streams have the same last two digits in each section. In Figure C-l, similar
streams are indicated with an asterisk (*) followed by the two numbers (e.g. *66). Streams that
are either inputs or outputs are named and the name is underlined (e.g. argon). Unit operations are
boxed. FEM’s are boxed with a thick black line. Unit operations that are shaded are omitted in the
Finisher. The Finisher does not have an exit. Steel is drained through the bottom of the Finisher
into the tundish. Percentages near streams *74 and *38 shows the percent of total slag or gas that
is transported into the exit. Stream *77 is empty. This stream represents the addition of possible
fluxes into the exit launder, creating a covering slag. The optional simulation of the effects of flux
additions into the exit would require an extra metal flow loop to simulate the (probably low) mass
transfer in the exit. These effects are neglected in this model.
The flow of steel is indicated with

red

streams. Stream numbers *01 to *09 are reserved

for the steel. Steel enters the vessel with stream 101 (Oxidizer), 106 (Reducer), or 206 (Finisher).
Stream 101 comes from the EAF and streams 106 and 206 connect the sections with each other.
Within each section, steel first flows into “bulk”, which is an FEM. Steel is circulated through the
“M split”, the “top”, which is an FEM, and back to the “bulk”. The amount of steel that is sent to
the “top” as set in the “M-splif ’ is determined by the overall effective mass transfer rate constant
(k). The flow of stream *03 equals the product of the effective mass transfer rate constant and the
mass of the steel in the main vessel, which is 20 mt. Steel leaves the main vessel with stream *05
through the “exit”, which is an FEM, and leaves the exit with stream *06.
The flow of gases is indicated with

g re e n

streams. Stream numbers *31 to *40 are

reserved for gases. Argon enters the “bulk”. Most of the gas from the bulk is mixed with air that
is set at 10% of the argon flow and enters the “top”. The off gas leaves the “top”. 5% of the gas
from the bulk enters the exit and leaves it as exit off gas.
The flow of alloys is indicated with black streams. Streams *60 to *65 are reserved for
the different alloys. The alloys are mixed in the mixer “Alloys” and enter the bulk with stream
* 66.

The flow of fluxes is indicated with blue streams. Streams *80 to *85 are reserved for
different fluxes. The fluxes are mixed in the mixer “Fluxes” and enter the “top” with stream *71.
Stream *77 is currently reserved for possible flux additions to the exit. This stream is empty.
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The flow of slags is indicated with blue streams as well. Streams *72 to *79 are reserved
for slag streams. Most of the slag that is generated in the “top” leaves the vessel through the steel
entry due to flow patterns. 1% of the slag that is generated in the top is transported to the exit and
leaves the exit as exit slag (through the slag door). The slag in the top is generated due to
reactions, the addition of fluxes, EAF slag in the Oxidizer, and inclusion from the bulk. All
inclusions from the “bulk” are directly sent to the “top” with the stream *75.

C 2. BASIC SET-UP OF THE MODEL
•

Drop down “input” icon

IPAR “Case definition”

o

Site data: TTL = “457 project”

o

Calc options:
■ checked “heat balance option” (did NOT check “dynamic simulation”)

o

Calc parameters:
■ Mass unit = metric ton
■ Time unit = hour
■ Range of operation = 1 - 2 7
■ Checked “stop and display calculation messages”
■ Checked “display calculation data, suppress output to run faster”

•

Drop down “components” icon

DBAS “Component Database”,

ICOM “Edit

Compounds”, and -> DCOM “Display Elements/Comp.”
o

14 elements were chosen: Al, Ar, C, Ca, Fe, Mg, Mn, N, Nb, O, P, S, Si, V

o

Compounds 1 - 11 (11) make up phase 5, which is steel and denoted as M l. It
contains most elements. Ar, Ca, and Mg are excluded from the steel phase.
■ Four dissolved elements were “created” for the steel phase. These are
nitrogen (Nd), oxygen (Od), phosphor (Pd) and sulfur (Sd). Gas phases
of these species were selected from the database and modified in ICOM
“Edit Compounds”. The “Edit” bottom has two taps.
■ Changes in the “Compound” tap are:
•

CNL: changed the name to “dissolved ...”

•

CNM: changed abbreviation to “_d”

•

CHF: enter the chemical formula = single letter

•

PHC: made each part of the phase “Molten Metal”, M l, Steel

•

Entered zero in all other fields in this tap
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■ Changes in the “Thermo data” tap are:

o

•

REF: entered “Delventhal” as reference name

•

HTE: entered “zero” (0) for all enthalpy coefficients

•

HTD: divided the Free Energy coefficients by 2

Compounds 12 - 26 (15) make up phase 7, which is liquid slag and denoted as
M3. It contains oxides, phosphates, and sulfides,

o

Compounds 27 - 48 (22) make up phase 1, which are individual inorganic solids
that are denoted as SI. This phase contains components of solid additives that
make up fluxes and alloys. Some solids were entered to be available for
calculations that would predict formations of solids in the slag. Metsim does not
predict the formation of solids correctly because it does not contain a solid
solution phase. CaS is sometimes predicted by Metsim at high sulfide
concentrations in the slag.

o

Compounds 49 - 66 (18) make up phase 8, which contains all the gases, and it is
designated as GC. The most important gases are Ar, CO, C 02, 0 2, and N2. The
other thirteen gases were added to support “smooth” calculations in the FEM’s.

•

Drop down “components” icon
o

IACT “Activity Equations”

Activity coefficients (y) were entered by clicking on the desired component.
Table C-I shows the activity coefficients of components in the steel and the
liquid slag. All other compounds that are part of the model have an activity
coefficient of one. The activity coefficient is the quotient of activity over mole
fraction. The activity coefficients were initially obtained by synchronizing the
results of calculations with Metsim FEM’s with the results of FactSage
calculations. Most importantly, these results were adjusted and verified with
industrial data (Section 5).
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Table C-I: Activity coefficients of steel and slag components as used during simulations
Steel
Component
Fe
A1
C
Mn
N
Nb
O
P
S
Si
V

Slag

Component
Y
CaO
0.2
MgO
0.75
0.001
Si02
a i 2o 3
0.01
FeO*
2
Fe2 0 3
0.05
MnO*
5
CaS
12
MgS
0.2
75
MnS
FeS
50
Ca3P20 8
0.03
Mg3P20 8
0.0000003
0.3
VO
0.8
NbO
*These activity coefficients are averages. The actual values depend on slag basicity.
Y
1
0.08
0.55
1
540
1.42
0.01
0.01
0.5
0.001
0.25

C 3. SET-UP OF THE UNIT OPERATIONS
The sections are calculated in the following order: Oxidizer (operation 1), Reducer
(operation 11), and Finisher (operation 21). The first unit operation that is calculated in each
section is the mixer “Alloys” (*2), followed by the FEM “bulk” (*3). The splitter “M-split” (*4)
is calculated after the “bulk” FEM. The next calculated unit operation is the mixer “Fluxes” (*5).
The unit operations “G-split” (*6) and “G-mix” (*7, 26 in Finisher) are calculated before the
“top” FEM (*8, 27 in Finisher) is calculated. The calculations in the sections “Finisher” are
completed at this point. The splitter “S-split” (*9) and the FEM “exit” (10 in Oxidizer and 20 in
Reducer) are calculated after the “top” FEM in these sections. The order of calculation of the unit
operation is illustrated in Figure C-2. The shaded unit operations in Figure C-2 are omitted in the
Finisher and in the dynamic models of the Oxidizer and Reducer.

Mixer
Alloy

FEM
bulk

Splitter
M-split

Mixer
Fluxe

Splitter
G-split

Mixer
G-mix

Figure C-2: The order of calculation in each section is illustrated

FEM
top

Splitter
S-split

FEM
exit
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The set-up of the unit operations is detailed with the aid of the following list.
•

Set up of the FEM’s (bulk, top, and exit):
o

Parameters tap
■ CO (calculation option) = 1-calcualte equilibrium temperature
■ PR (pressure in kPa) = 130 for “bulk”, 101 for “top” and “exit”
*

LE (perform Gibb’s Free Energy leveling) = checked

■ TR (allow Gibb’s data extrapolation outside temp range) = checked
■ AC (calculate activity coefficients) = checked
■ DX (display intermediate calculations) = checked
■ PA (convergence parameter) = 5
■ TS (temperature step) = 0.1
o

Phase split tap
■ OS1 (output port 1) = rest (liquid slag and inorganic solids)
■ OS 2 (output port 2) = (1) Ml (steel)
■ OS 3 (output port 3) = (1) GC (gas)

o

Components tap
■ PI = SI~c41 (all inorganic solids except solid iron) Metsim would
predict solid iron if it is not excluded.
■ P5 = Ml (steel)
■ P7 = M3 (liquid slag)
■ P8 = GC (gases)

o

Heat balance tap
■ QA (heat flow as fixed amount in kcal/hr) = -100000 only in “bulk”
■ This heat loss represents a temperature decrease of 5.3°C per vessel. It is
important to note that Metsim does not correctly calculate the heats of
solution. Published steel temperatures were checked with FactSage and
verified with industrial measurements.

•

Set up of the splitters (M-sp, G-sp. and S-sp):
o

The split ratios are defined under the tap “Parameters”.

o

Operation *4 “M-split” determines the mass transfer rate constant by controlling
the flow of steel to the top slag-metal interface. (Note: The metal mass transfer is
rate determining. Slag mass transfer is always efficient enough to be neglected.)
■ OS1 (output port 1) = rest (approximately 100 mt/hr to exit FEM)
■ OS2 (output port 2) =
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o

•

-180 Ml (in Oxidizer) for k = 0.15 min'1

•

-300 Ml (in Reducer) for k = 0.25 min'1

•

-75 Ml (in Finisher) for k = 0.06 min'1

Operation *6 “G-split” determines the amount of gas from the bulk that enters
the exit or the reaches the top slag (in Oxidizer and Reducer).
■ OS1 (output port 1) = rest (95% of bulk gases reach top surface)
■ OS2 (output port 2) = 0.05 GC (5% of bulk gases enters the exit)

o

Operation *9 “S-split” determines the amount of slag that enters the exit or is
deslagged out of the main vessel (in Oxidizer and Reducer).
■ OS1 (output port 1) = rest (99% of slag is deslagged out the main vessel)
■ OS2 (output port 2) = 0.01 M3 (1% of slag enters the exit due to flows)

•

Set up of mixers (Alloys. Fluxes. G-mix):
o

No special set up is required for these mixers. They just combine the streams that
enter them and send one combined stream to the next operation,

o

Mixer “Alloys” mixes all the alloys and sends them to the “bulk” FEM.

o

Mixer “Fluxes” mixes all the fluxes and sends them to the “top” FEM.

o

Mixer “G-mix” mixes the gas from the bulk with air (amount = 10% of the argon
flow) and sends it to the “top” FEM.

C 4. SUMMARY OF STEADY-STATE SIMULATIONS RESULTS
One set of steady-state simulation results are reported in Table C-II. The results include
the compositions of the steel and slag in the EAF, Oxidizer, Reducer, and Finisher. Table C-II
also lists the amount of added fluxes and alloys, total slag amount, percentages of solid slags, the
steel temperature, the vessel capacity, the mass transfer rate constant and the corresponding argon
flow rate along with the production rate. The values in Table C-II correspond to the steady-state
simulation that is reported in Section 7. Equation C-l describes the V3-ratio for oxidized slags
and Equation C-2 defines the B-ratio for slags that are used under reducing conditions.

V2 _

%CaO
% Si02 +%A120 3

%CaO + 1.4* %MgO
%Si02 + 0.6* %A120 3

(C-l)

208

Table C-II: Metsim-calculated example of steady-state operation conditions, flux and
alloy additions, and steel and slag chemistries for producing 165 t/hr

electricity

320

oxygen 3000
scrap 172
capacity

55

temperature 2908

high Ca lime

44

slag

liquid

solid

wt%

wt%

total

C

0.08

dolomitic lime

44

CaO

45

1

43

scfm
t/hr

Mn

Ca-Aluminate

-

S i0 2

bauxite

-

a i 2o 3

22
6

-

P

0.20
0.010

-

t

S

0.050

hematite

-

MgO

9

76

21
6
12

°F

Si

0
0
0

SiMn

-

MnO

3

6

3

FeSi

-

FeOx

14

17

14

FeV

-

p 2o 5

-

V3

1
1.6

1
1.6

slag

liquid

solid

wt%

wt%

44

1

total slag

160

Ibs/t

Al

4

wt%

V

O xidizer (vessel 2)
27

wt%
kWh/t

solid slag

capacity

additions I b s / t

steel

EAF (vessel 1)

t

a dditions I b s / t

steel
C

wt%

high Ca lime

3.4

0.04

dolomitic lime

2.7

CaO

total
43

t/hr

Mn

0.17

-

S i0 2

5

-

5

temperature 2865

°F

P

0.004

bauxite

4.1

a i 2o 3

22

-

argon

scfm

S

0.050

hematite

min'1

Si

0
0
0

22
10
6
12
2
1.6

flow rate

k

164
17
0.27

total slag

11.6

Ibs/t

Al

solid slag

2

wt%

V

R educer (vessel 3)
capacity
flow rate

27
165

t
t/hr

4.1

MgO

9

86

SiMn

-

MnO

-

FeSi

-

FeOx

FeV

-

p 2o 5

V3

6
12
2
1.6

slag

liquid

solid

wt%

wt%

additions I b s / t

steel
C

Ca-Aluminate

total

dolomitic lime

CaO

50

20

49

Ca-Aluminate

5.0

S i0 2

18

-

17

high Ca lime

0.06
0.90

-

6.0
2.0

wt%
Mn

13

temperature 2836

°F

P

0.008

bauxite

-

a i 2o 3

15

-

14

argon

scfm

S

0.015

hematite

-

MgO

7

80

11

min"1

Si

0.26

SiMn

20.4

MnO

nil

-

nil

0.001
0

3.2

FeOx

nil

-

nil

sulfides

-

B

10
2.2

slag

liquid

solid

k

17
0.45

total slag

15.5

Ibs/t

Al

solid slag

2

wt%

V

Finisher (vessel 4)
capacity 23.5
flow rate

165

t
t/hr

Mn

FeV

additions I b s / t

steel
C

FeSi

9
2.5
total

wt%

high Ca lime

1.4

wt%

wt%

0.06

dolomitic lime

-

CaO

48

11

0.90

Ca-Aluminate

2.4

S i0 2

10

-

10

47

temperature 2822

°F

P

0.008

bauxite

-

Al2 0 3

25

-

24

argon

7

scfm

S

0.008

hematite

-

MgO

9

89

12

k

0.17

min'1
Ibs/t

Si

0.25

SiMn

-

MnO

nil

-

nil

Al

0.003

FeSi

-

FeOx

nil

-

nil

FeV

1.0

other

8

-

7

B

2.4

total slag
solid slag

4.0
2

wt%

V

0.040

2.6
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